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The purpose of this work is to evaluate the use of commercially available polyimides 
as the precursor to prepare the high performance membranes for gas separation. A 
comprehensive research study, which covers the fabrication and characterization of 
three types of membranes, particularly cross-linked polymeric membrane, carbon 
molecular sieve membrane (CMSM) and carbon-zeolite composite membrane, is 
presented.  Various instruments were employed to screen the physical properties and 
gas separation performance of these membranes.  Emphases were put on the 
separation of CO2/CH4, O2/N2 and He/N2 because of their high market impact.   
 
Firstly, the effectiveness of chemical cross-linking modification in improving the gas 
separation capability of polyimide membranes was investigated.  An extremely simple 
room-temperature chemical cross-linking modification was performed on Matrimid® 
5218.  The influence of cross-linking modification on thermal and gas transport 
properties of Matrimid membranes were studied.  The gas permeability of cross-
linked membranes decreased with immersion time (The time for membranes being 
immersed in cross-linking reagent) after achieved the maximum value at 1-day 
immersion time.  On the other hand, the ideal selectivity for O2/N2, CO2/CH4 and 
CO2/N2 remain almost constant with cross-linking reaction, except for He/N2, where 
the ideal selectivity increased with cross-linking density.  Experimental results 
showed that the proposed cross-linking modification was capable to enhance the anti-
plasticization characteristics of polymeric membranes (This work was published in 
the J. Membr. Sci., 2003, 225, 77-90). 
 
 xi
Secondly, carbon molecular sieve membranes were prepared through pyrolysis of 
commercially available polyimides with excellent intrinsic separation properties.  
WAXD, density measurement and TGA-FTIR were performed to characterize the 
morphology of carbon membranes and the degradation of precursor during pyrolysis.  
The permeation properties of single and equimolar binary gas mixture through carbon 
membranes were measured and analyzed.  A comparison of permeation properties 
among carbon membranes derived from 4 commercially available polyimides showed 
that the P84 carbon membranes exhibited the highest separation efficiency for 
CO2/CH4 separation.  The mixed gas permeation data confirmed the underestimation 
of separation efficiency by pure gas permeation measurement (This work was 
published in the Carbon, 2004, 42, 3123-3131).   
 
One of the most significant contributions of this work is development of two novel 
pretreatment approaches in enhancing the separation capability of CMSMs.  These 
two approaches were chemical cross-linking modification and nonsolvent 
pretreatment.  The permeation properties of carbon membranes derived from cross-
linked polyimide precursors were characterized as a function of cross-linking density. 
The improved separation efficiency of CMSM was achieved at low degree of cross-
linking, as compared to untreated CMSM.  Besides, an extensive study was conducted 
to investigate the effect of nonsolvent (methanol, ethanol, propanol and butanol) 
pretreatment on the separation properties of resultant CMSMs.  Various 
characterization methods verified that the nonsolvent pretreatment appears to be an 
effectual approach to produce highly selective CMSMs (This work was published in 
the (1) Macromol. Rapid Commun., 2004, 25, 1427-1250; (2) Microporous and 
 xii
Mesoporous Materials, 2004, 73, 151-160; and (3) Ind. Eng. Chem. Res., 2004, 43, 
6476-6483. A US Provisional Patent Application has been filed on 26 Feb 2004). 
 
Lastly, a new membrane material, carbon-zeolite composite membrane with excellent 
separation performance is introduced.  This heterogeneous or hybrid membranes 
comprising of zeolite entities dispersed in carbon matrix were prepared through the 
pyrolysis of zeolite-filled polymeric mixed matrix membranes.  The morphology and 
pure gas permeation properties of carbon-zeolite composite membranes were 
characterized.  The experimental results revealed that the improved ideal selectivity 
was obtained with the correct selection of polymer/zeolite pair.  The composite 
membranes possessed good separation properties with combining the advantages of 
carbon membranes and zeolite materials (This work was published in the Carbon, 
2005, 43, 2025-2027. A US Provisional Patent Application has been filed on 22 Oct 
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Over the last 40 years, membrane separation process was developed following 
the discovery of asymmetric membranes, which first applied in reverse osmosis (Paul 
and Yampol’skii, 1994) and rapidly became a major interest in separation applications 
(Rousseau, 1987).  Membrane separation has been widely adopted by process 
industries and became more and more important.  Compared to other conventional 
mass separation technologies which are already at their old age, this is relatively new 
unit operation. The membrane acts as a semipermeable barrier and separation occurs 
when membrane controls the rate of movement of various molecules between two 
liquid phases, two gas phases, or a liquid and gas phase.  
 
In recent years, membrane separation process has been utilized as separation 
tool and supplemented the conventional mass separation techniques such as 
distillation, crystallization, absorption, adsorption, solvent extraction, etc (Scott, 1990; 
Mohammadi, 1999).  It is recognized as an energy efficient and economical tool in 
solving many mass separation tasks.  
 
Membrane technology for the separation of liquid/liquid and liquid/solid 
streams has been practiced in industry for many years in reverse osmosis, 
ultrafiltration, microfiltration, pervaporation, hemodialysis, electrodialysis, controlled 
release of drugs, gas separation and so on (Yoshiharu, 1992).  The worldwide 
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membrane market in 1988 can be summarized as follows (Nunes and Peinemann, 
2001; Strathmann, 2001):  
• Sales of membranes and modules > US$ 4.4 billion 
• Sales of membrane systems > US$ 15 billion 
• Market growth is 8-10 % per year 
The market of membrane separation is extremely heterogeneous and growing fast, 
where requires different membrane structures and processes for specific application.  
The membranes and module sales is growing at a rate of 10 %/year to US$ 4.8 billion 
at year 2000 (Yampolskii et al., 2002).  The development of membrane processes in 
the end of century is reviewed as shown in Table 1.1. 
 
Table 1.1 Development of Membrane Processes Market 
Sales (US$ Million) 
Membrane Process 1996 2000 
Growth per year 
(%) 
Dialysis 1,300 2,100 10 
Microfiltration 600 960 10 
Ultrafiltration 350 560 10 
Reverse Osmosis 250 450 12 
Gas exchange 160 260 10 
Gas separation 120 250 15 
Electrodialysis 80 130 10 
Miscellaneous >5 >10 7 




Table 1.2 Future Market of Membrane Gas Separation (Baker, 2001)     
Membrane Market (US$ million, 2000 dollars) 
Separation 
2000 2010 2020 
Nitrogen from air 75 100 125 
Oxygen from air <1 10 30 (?) 
Hydrogen 25 60 150 
Natural gas    
 CO2 30 60 100 
 NGL <1 20 50 
 N2/H2O 0 10 25 
Vapor/nitrogen 10 30 60 
Vapor/vapor 0 20 100 
Air dehyrdation/Other 15 30 100 
Total 155 340 760 
 
Conclusively, although gas separation is a relatively young technology, it 
accounts for about US$ 250 million/year and is growing relatively fast with a rate of 
15 %/year.  With the development of new membranes with enhanced separation 
properties and stability, the importance of membrane-based gas separation to solve 
difficult mass separation problems will certainly increase in the future, especially in 
responding to the market demand for industrial applications. Currently, the major 
application of gas membrane separation is the separation of noncondensable gases, 
such as nitrogen from air, carbon dioxide from methane, and hydrogen from nitrogen, 
methane.  Nevertheless, membrane gas separation technology in refinery, 
petrochemical and natural gas industries are predicted to be a great potential market 
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for membrane technology.  Table 1.2 illustrates the prediction of future membrane gas 
separation market made by Baker (2001).   
 
1.1 MEMBRANE-BASED GAS SEPARATIONS 
 
Membrane technology for gas mixtures separation has rapidly grown from 
being a laboratory curiosity to becoming a commercially viable separation approach 
within the last two decades (Nunes and Peinemann, 2001).  Membrane gas separation 
has emerged as one of the most significant new unit operations in the chemical 
industries in the past 25 years (Prasad et al., 1994).  At least 20 companies worldwide 
offer membrane-based gas separation systems for a variety of industrial applications. 
Membrane gas separation plays an increasing important role in the separation industry 
with over $125 million in module sales with an annual growth rate of around 10 % 
over the next decade (Crull, 1997).  Thus, there is a large potential for this separation 
technology to capture a significant slice of the separation market. Membrane gas 
separation is an area of considerable current research interest as the number of 
applications is expected to expand rapidly over the next decade.   
 
Membrane in a gas permeation process act as a selective barrier, usually thin, 
interposed between two phases, which obstructs gross mass movement between the 
phases but permits passage of certain species from one phase to the other with various 
degrees of restriction (Koros and Fleming, 1993; Mulder, 1996).  Generally, in 
membrane gas separation processes, the bulk phases are gas mixtures.  Gas 
Permeation is a physical phenomenon where certain gas components selectively pass 
through a membrane.  The membrane is selective to one of the gas species, where one 
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of the species in the mixture is allowed to be exchanged in preference to others. One 
bulk phase is enriched in one of the species while the other is depleted of it.  
Separation of a gas mixture occurs since each type of molecules diffuses at a different 
rate through the membrane (Geankoplis, 1995).  This movement of any species across 
the membrane is caused by one or more driving forces.  These driving forces arise 
from a gradient of chemical potential due to concentration gradient or pressure 
gradient or both.   Figure 1.1 shows schematic diagram of a two-phase gas separation 
system separated by a membrane. 
 
Phase 1             Membrane            Phase 2 
 
 
                       Feed                                                                   Permeate 
 





Figure 1.1 Schematic diagram of gas separation process by a membrane. 
 
1.1.1 Scientific Milestones 
 
 The membrane-based gas separation was discovered and documented since 
mid-nineteenth century.  In 1829, Thomas Graham, father of colloid chemistry made 
the first scientific discovery related to membrane separation (Graham, 1833).  He 
observed gaseous osmosis through a wet animal bladder for an air-carbon dioxide 
system.  Two years later in 1831, J.K. Mitchell perceived the different deflation rates 
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by 10 gases through natural rubber balloons (Mitchell, 1830; 1833).  At 
approximately the same time, A. Fick, an outstanding physiologist postulated the 
concept of diffusion and formulated the well-known Fick’s first law by studying the 
gas transport through nitrocellulose membranes (Fick, 1855).   
  
 However, many significant scientific observations about membrane 
separation, such as the first quantitative measurement of the rate of gas permeation 
were accomplished by Sir Thomas Graham, the discoverer of Graham’s law of gas 
effusion.  He proposed “solution-diffusion” mechanism for gas permeation through a 
membrane by repeating Mitchell’s experiments with the films of natural rubber in 
1866 (Graham, 1866).  Approximately 13 years later in 1879, Von Wroblewski 
quantified Graham’s model and defined the permeability coefficient as the permeation 
flux multiplied by the membrane thickness divided by the transmembrane pressure 
(Wrobleski, 1879).  He also characterized the permeability coefficient as a product of 
diffusivity and solubility coefficients, which soon became an important model in 
membrane permeation.  A decade later in 1891, H. Kayser demonstrated the validity 
of Henry’s law for the absorption of carbon dioxide in rubber (Kayser, 1891).   
 
 The progress of membrane separation techniques was very slow in the early 
stage.  Nevertheless, many fundamental scientific works and contributions related to 
gas separation membranes were carried out in the twentieth century, as summarized in 
Table 1.3 (Kesting and Fritzsche, 1993).  Partucularly, H.A. Daynes developed the 
time lag method from nonsteady-state transport behavior of gases via a membrane to 
determine diffusion coefficient (Dayness, 1920). 
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First recorded observation 
Mitchell (1931) 
 
Gas permeation through natural rubbers 
Fick (1855) Law of mass diffusion 
 





Demonstration of validity of Henry’s Law for the 
absorption of carbon dioxide in rubber 
 
Lord Rayleigh (1900) Determination of relative permeabilities of oxygen, 
nitrogen and argon in rubber 
 
Knudsen (1908) Knudsen diffusion defined 
 
Shakepear (1917-1920) Temperature dependence of gas permeability independent 
of partial pressure difference across membranes  
 
Daynes (1920) Developed time lag method to determine diffusion and 
solubility coefficient  
 
Barrer (1939-1943) Permeabilities and diffusivities followed Arrhenius 
equation 
 
Matthes (1944) Combined Langmuir and Henry’s law sorption for water 
in cellulose 
 
Meares (1954) Observed break in Arrhenius plots at glass transition 
temperature and speculated about two modes of solution 
in glassy polymers  
 
Barrer, Barrie and Slater 
(1958) 
Independently arrived at dual mode concept from 
sorption of hydrocarbon vapors in glassy ethyl cellulose  
 
Michaels, Vieth and 
Barrie (1963) 
 
Demonstrated and quantified dual mode sorption concept 
Vieth and Sladek (1965) Model for diffusion in glassy polymers 
 
Paul (1969) Effect of dual mode sorption on time lag and permeability 
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Petropoulos (1970) Proposed partial immobilization of sorption 
 
Paul and Koros (1976) Defined effect of partial immobilizing sorption on 
permeability and diffusion time lag 
 
 
 The above fundamental works provide the foundation in membrane processes, 
which conduce to the commercialization of membrane separation technology in 
industrial applications.  Following the first breakthrough of asymmetric phase-
inverted membranes made of cellulose acetate for reverse osmosis by Loeb and 
Sourirajan in 1960 (Loeb and Sourirajan, 1960; 1962; 1964), membrane gas 
separation appeared to be a competitive separation tool for industry processes in the 
1970’s.  The first commercially viable gas separation membrane, Prism® was 
produced at 1980 subsequent upon the method of repairing pinhole size defects in the 
thin layer of asymmetric membranes by Henis and Tripodi (Henis and Tripodi , 
1980).  As a consequence, the successful application of the first commercial gas 
separation membrane has accelerated the development of novel membrane materials 
as it offer an attractive alternative for specific separation applications.  Figure 1.2 
displays the important milestones in the history and scientific development of 










1.1.2 Advantages of Membrane Gas Separation 
 
 
 Today, a large scale membrane gas separation system has found acceptance 
in many industrial sectors. Membrane technology compares favorably with other 
conventional separation techniques due to its multidisciplinary character, which is 
often faster, more capital and energy efficient.  The specific features and inherent 
advantages of membrane separation process can be recapitulated as follows:        
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1. Simplicity of operation and installation (Paul and Yampol’skii, 1994). 
2. Lower capital outlay and large reduction in power (electricity and fuel, etc) 
consumption.  No additional utilities/additives are required for membrane systems 
unless a compressor is needed (Berry, 1981; Mulder, 1996).   
3. Economic viability even at high system-capacity.  Membrane processes are 
flexible, where the modules can be simply arranged in stages to accommodate 
higher capacity and scaled to small sizes (Berry, 1981; Paul and Yampol’skii, 
1994). 
4. Membrane devices and systems are always compact in size and modulus, which 
generally are space and weight efficient (Spillman and sherwin, 1990). 
5. Membrane processes can be carried out under mild conditions, for example, air 
separation able to be operated at atmosphere pressure and room temperature 
instead of a cryogenic condition in distillation of air (Berry, 1981; Mulder 1996).   
6. Membrane separation can be carried out continuously (Mulder, 1996) 
7. Membranes can be “tailor-made” to a certain extent, thus their separation 
properties are viable and can be adjusted to a specific separation task (Strathmann, 
1981; Mulder 1996).   
8. Membrane processes can easily combined with other separation processes for 
effective hybrid processing (Mulder, 1996).   
 
1.2  INDUSTRIAL APPLICATIONS OF MEMBRANE GAS SEPARATION  
 
 Membrane gas separation process becomes an emerging technology on 
industrial scale in the late seventies when Prism® was introduced in 1978.  However, 
the utilization of membrane technology in gas separation has rapidly expanded and 
 11
observed the broad usage/interest in industrial application.  Membrane gas separation 
impacts the separation business with US$250 million a year.  The multitude 
applications of gas separation membranes are listed in Table 1.4.  The major 
applications for gas separation membranes are discussed. 
 
Table 1.4 Industrial Applications of Gas Separation Membranes (Spillman 1989, 








Oxygen enrichment, nitrogen (Inert gas) generation  
 
H2/Hydrocarbons Refinery hydrogen recovery 
 
H2/CO Syngas ratio adjustment 
 
H2/N2 Ammonia purge gas 
 
CO2/Hydrocarbons Acid gas treatment enhanced oil recovery, landfill gas 
upgrading 
 
H2S/Hydrocarbons Sour gas treating 
 
H2O/Hydrocarbons Natural gas dehydration 
 
He/Hydrocarbons Helium separations 
 
H2O/Air Air dehydration 
 
He/N2 Helium recovery 
 





Organic solvent recovery, monomer recovery 
 
 
1. Air Separation 
About 60% of separation business involving air-either producing nitrogen or oxygen 
(Crull, 1998), where O2 and N2 are the third and fifth largest bulk chemicals produced 
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worldwide.  Membrane-based gas separation seems to be extremely attractive for the 
enrichment of nitrogen from air.  The nitrogen purity up to 95%, which is acceptable 
in many industrial applications, can be produced economically through membrane 
separation.  The market share of membrane technology in producing nitrogen is 
growing and currently producing 30% of total nitrogen.  However, oxygen-enriched 
air generated by membrane separation yet to achieve the significant value in the 
separation market.  Ultra-pure oxygen is usually needed in many commercial and 
industrial applications.  Cryogenic distillation (99.999%) and vacuum swing 
adsorption (95%) dominated the current gaseous oxygen market (Puri, 1996).  The 
current membranes process can only achieve a maximum purity of 45-50% (Koros 
and Mahajan, 2000).  Ideally, the new membrane materials with desire permeability 
(~250 barrers) and the oxygen separation factor of 4-6 are needed to increase the 
practicability of membrane technology for industrial oxygen separation (Puri, 1996). 
 
2. Hydrogen Separation 
Hydrogen separation is the first large-scale commercial application of membrane gas 
separation process.  It has accounted about 25% of membrane technology in 
separating hydrogen from nitrogen, methane, coal, adjusting the ratio of H2 and CO in 
syn gas, as well as the hydrogen recovery in ammonia synthesis and a number of 
refinery operations (Crull, 1998; Zolandz and Fleming, 1992).  Hydrogen separation 
has been effectively performed through polymeric membranes separation, because of 
the extremely high diffusion coefficient of hydrogen relative to other gas molecules 
(Koros, 1991).  Nevertheless, the drawback of poor reliability, especially fouling and 
plasticization problems of polymeric membranes have inhibited the application of 
membranes separation in refineries (Baker, 2002).  
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3. Acid Gas Rmoval from Natural Gas 
The total worldwide market for new natural gas separation equipment is estimated at 
approximately US$ 5 billion/year (Baker, 2002).  The natural gas treatment process is 
dominated by amine absorption. In recent year, membrane peocess has been accepted 
as a promising technology for natural gas separation (Kesting and Fritzsche, 1993).  
The high efficiency is observed by membrane separation in upgrading natural gas by 
the removal of CO2, water and acid gases (H2S, etc.).  These impurities must be 
removed from natural gas stream before delivery to a pipeline aimed to reduce the 
toxicity and avoid the pipeline corrosion.  Again, polymeric membranes have become 
the promising materials for natural gas separation (Kesting and Fritzsche, 1993).  
However, glassy polymeric membranes suffering from plasticization in the presence 
of trace quantities of condensable heavy hydrocarbons, which cause the loss of 
selectivity (Djoekita, 2000).  Hence, development of robust membrane materials is 
imperative to widespread the commercialization of membrane separations in natural 
gas treatment. 
 
 On top of above-mentioned 3 applications, dehydration of natural gas/air and 
olefin/paraffin separation appear to be the emerging technology and future 
opportunity for membrane gas separation (Koros and Mahajan, 2000).  Membrane 
process competes with the glycol absorption process for natural gas dehydration.  
Membranes offer the advantages over glycol process by being more environmental 
friendly (loss of glycol due to contamination with aromatic hydrocarbons by glycol 
absorption) and low energy consumption.  On the other hand, separation of paraffinic 
and olefinic gases such as ethane/ethylene and propane/propylene is one of the 
important tasks in petroleum refining and petrochemical industries. Unsaturated 
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hydrocarbons, specifically ethylene and propylene are important feedstock in the 
production of petrochemical products such as polyethylene, polypropylene, 
copolymer ethylene/propylene, acrylonitrile and cumene (Kirk-Othmer, 1985; 
Rosenberg and Chong, 1997).  Low temperature distillation is widely performed for 
olefin/paraffin separations.  The major drawback of distillation is extremely energy 
intensive.  As a consequence, membranes separation with simple operation, low 
power consumption and more economical exhibits the high potential for the large 
scale application in olefin/paraffin separations.   
 
 The preceding introductory section outlined the background and perspective 
of membrane-based gas separation.  The next sections will provide the overview of 
engineering principle and considerations of membrane separation technology for 
widespread industrial applications. 
 
1.3 ENGINEERING PRINCIPLES FOR MEMBRANE GAS SEPARATION 
 
With development of advanced technologies, effectual membrane separation 
processes are required to conquer the immediate challenges and requirements in the 
gas separation.  It is a formidable task to design a gas separation process which can 
economically well fit the separation demands, especially in satisfying the separation 
productivity and efficiency.  Hence, the main necessities for successful gas separation 
membranes and strategies for the design of membranes systems must be identified.   
In general, the chemical engineering of membranes for gas separation can be 
fundamentally focused on (1) membrane material selection, (2) membrane preparation 
and modification, (3) membrane characterization and evaluation, as well as (4) 
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membrane module design.  Besides, the physicochemical properties of the gaseous 
penetrants should be first taken into consideration when designing a membrane 
system.  The following elaboration presents the engineering principles and technical 
considerations of gas separation membrane technology. 
 
1.3.1 Membrane Materials Selection 
 
The selection of membrane materials is clearly the most important factor in membrane 
separation technology.  Material limits the preparation technique employed, 
morphology obtained and the separation principles applied.  Matching of desirable 
materials’ performance characteristic with the separation application is very important.  
Chemical interaction between a membrane material and a gas penetrant determined 
the separation efficiency of a membrane separation process (Aoki, 1999).  The choice 
of materials is not arbitrary, but based on the specific properties of a given material 
originating from its nature and structural factors.   The key requirements of effective 
separation materials include (1) high separation efficiency with reasonable high flux, 
(2) good chemical resistance, (3) good mechanical stability, (4) high thermal stability, 
(5) engineering feasibility, (6) satisfactory manufacturing reproducibility and (7) low 
cost (Scott, 1990; Strathmann, 2001).  It is of utmost importance that the material 
chosen must be highly permeable to the gas of interest, which effectively minimizes 
the total membrane area needed and reduces the capital cost. In practical gas 
separation application, a durable membrane must be capable of enduring to the 
separation environments exposed.  Since pressure difference is the driving force, 
membrane materials have to maintain the mechanical rigidity against the stress 
implied.  Additionally, many gas feed streams are contaminated with chemically 
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reactive organic vapors (aromatic compounds, lubricating oils and solvents) that will 
probably destroy (swell or dissolve) the membrane materials, therefore the membrane 
materials need to have strong chemical resistance in order to prolong the lifetime of 
membrane.  Excellent thermal stability is also required to withstand the high operating 
temperatures.  Conclusively, an ideal material should be easily converted to cost-
effective membrane, as well as possess the intrinsic characteristics of high 
permeability, selectivity and durability.   
 
Over the last two decades, membrane material science is rapidly developed to 
produce wide range of materials with different structures and specific functions to 
separation goals.  Two common synthetic membrane materials, organic (polymeric 
membranes) and inorganic membranes are the focus of attention in membranes 
technology, as classified in Table 1.5.  Some properties of these materials will be 
described briefly in the later part. 
 
Table 1.5 Materials for Gas Separation Membranes (Nunes and Peinemann, 2001) 
Organic Polymers Inorganic Materials 
Polysulfone, polyethersulfone Carbon molecular sieves 
Cellulose acetate Nanoporous carbon 
Polyimide, polyetherimide Zeolites 
Polycarbonate (brominated) Ultrmicroporous amorphous silica 
Polyphenyleneoxide Palladium alloys 




1.3.1.1 Organic (Polymeric) Materials 
  
 Amorphous polymeric material, which is cost-effective with sufficient 
selectivity and good processability, is the dominating material in the membrane 
separation technology. It offers the greatest promise for both industrial application 
and fruitful academic research.  Gas transport through membrane materials and the 
intrinsic permeation characteristic of polymers are significantly influenced by 
polymeric chain structures.  Principally, the amorphous polymers exist in either glassy 
or rubbery state depending on the operating temperatures.  In the glassy state, polymer 
is hard and rigid, while it becomes soft and flexible in the rubbery state.  Glass 
transition temperature, Tg denotes the boundary between these two states, where it is 
the temperature at which the thermal expansion coefficient changes in going from the 











Figure 1.3 Schematic of the specific volume of polymer as a function of temperature. 









volume in the 
polymer, Vf 
Actual glassy specific 
volume, Va 
Tg 
Equilibrium volume of 
densified glass, Vo 
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As illustrated in Figure 1.3, the material is rubbery, which exhibits the 
viscoelastic behaviors above the Tg,.  While a glassy polymer is an polymeric material 
that is below its Tg under the conditions of use.  For most gases, rubbery membranes 
are generally exhibit higher diffusivity and resulted in higher productivity as 
compared to glassy membranes.  However, lower separation efficiency always 
achieved by rubbery materials as a consequence of their small diffusivity selectivity.  
Conversely, glassy materials are characterized by a low intrasegmental mobility and 
long relaxation time (Stern 1994).  These materials offer enhanced “mobility 
selectivity” as compared to rubbery polymers due to the more restricted segmental 
motions in glassy polymers. Accordingly, glassy materials are inherently more size 
and shape selective, resulted in higher selectivity and mechanical stability relative to 
rubbery materials.  Thus, the glassy polymers received industrial interest and more 
commonly used in separation membranes processes (Raymond and Fleming, 1992).   
  
An interesting issue, namely “upper bound trade-off curve” was raised by 
Robeson, depicting the inverse relationship between the gas permeability and 
selectivity of gas pairs for various membrane materials (Robeson, 1991).  All 
polymeric materials are empirically lying on or below the straight line of upper bound, 
as shown in Figure 1.4.  Robeson pointed out that the upper bound will move upwards 
with development of new polymers with enhanced gas permeability and selectivity.   
 
 Dozens of polymers were developed for membrane gas separation over last 
two decades.  In spite of these efforts, only less than 10 glassy polymers have been 
utilized as the membrane materials in gas separation.  The primary choice of polymers 
are included polycarbonates (Hellums et al., 1989; McHattie et al., 1991a; Aguilar-
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Vega and Paul, 1993), polysulfones (McHattie et al., 1991b; 1991c; Aitken et al., 
1992), polyesters (Pessan and Koros,1993; Pixton and Paul, 1995), polypyrrolones 
(Walker and Koros, 1991; Gao et al., 1994) and polyimides (Kim et al., 1988, Stern, 
1989, Tanaka et al., 1992, Liu et al., 2004).  Among these polymers, polyimides are 
the largest group and most important polymers for gas separation membranes 
(Langsam, 1996), and will be elaborated in next chapter.   
 
Figure 1.4 Trade-off line curve of oxygen permeability and oxygen/nitrogen 
selectivity. (Singh and Koros, 1996) 
 
1.3.1.2 Inorganic Materials 
 
Today, polymeric membrane systems are widely used in different separation 
processes and current market for inorganic membrane is extremely small.  However, 
inorganic membranes technology is rapidly receiving global attention owing to the 
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superior separation properties when compared to polymeric membranes.  The market 
share of inorganic membranes will definitely increase in the near future. Inorganic 
membranes, especially molecular sieving materials such as silica, porous glass, 
crystalline zeolites, microporous beryllium oxide powders and carbon (Brek, 1973, 
Centeno anf Fuertes, 2000, Saufi and Ismail, 2004) are research-intensive due to their 
potential in surpassing the upper separation capability limit of glassy polymeric 
membranes, as shown in Figure 1.4.  
 
Molecular sieving material is named by J.W. McBain in 1932 according to 
their property of acting as sieves on a molecular scale (McBain, 1932).  This material 
shows extremely attractive performance with significant high productivity and 
selectivity (Morooka and Kusakabe, 1999; Walker and Koros, 1999) and highly stable 
in harsh environments. In recent years, zeolites and carbon molecular sieves have 
attracted researchers’ interest in the development of high-performance membrane 
materials.  Nonetheless, the main obstacle of zeolites and carbon materials for large-
scale membranes separation process is their high production cost, fragile and some 
principle difficulties during reproducible production.  Among these 2 materials, 
carbon molecular sieves membranes prepared by pyrolysis of polymers appear to be 
the research focus in organic membranes, because of the preparation of defect free 
zeolite membranes are extremely difficult (Bird and Trimm, 1983). 
 
1.3.1.3 Mixed Matrix Membranes 
 
Deficiencies in both purely molecular sieves (fragile and high production cost) 
and polymers (low chemical resistance, mechanical and thermal stability) had 
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encouraged the development of alternative materials. Hybrid material is proposed to 
use molecular sieves as inserts in polymer matrix, known as mixed matrix membrane 
(Süer et al., 1994).  Preparation of membrane materials with advanced separation 
properties at competitive price is the major purpose in developing mixed matrix 
membranes.  Additionally, it is verified that this hybrid material can combine the 
advantages of (1) excellent separation capability and desirable stability of molecular 
sieves, and (2) good processability of polymeric materials.   
 
Figure 1.5 Schematic of a mixed matrix membrane. (Mahajan, 1999) 
 
 In the past 25 years, many attempts to increase the separation performance 
with dense film mixed matrices of zeolite fillers have been carried out (Kulprathipanja 
et al., 1988; Jia et al., 1991; Duval et al., 1993; Süer et al., 1994).  In most cases, good 
separation characteristics can only be achieved with correct zeolite/polymer pairs with 
good dispersion/adhesion of zeolite in polymer matrix.  Recently, Vu et al. 
incorporated carbon molecular sieves (CMS) into polyimide matrix to form mixed 
matrix membranes for gas separation (Vu et al., 2003a; 2003b).  The encouraging 
selectivity and permeability enhancement obtained by their investigation confirm that 
mixed matrix membrane behavior is achievable with CMS particles.  For that reason, 
further research works on mixed matrix membrane with different composition are 
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desired to produce membrane materials with superior properties. Mixed matrix 
materials typically consist of blends of molecular sieving domains such as carbon 
molecular sieves or zeolites, which are embedded in the polymer matrix as illustrated 
in Figure 1.5.   
 
1.3.2 Membrane Fabrication and Modification 
 
The morphology and physical properties of membranes significantly affect the 
permeation properties of a membrane.  The real challenge for industrial application is 
the fabrication of membranes having both economically high permeability rates and 
high durability in the gas stream environment.  Membrane fabrication is important to 
pattern the materials with appropriate technique to obtain membranes with suitable 
morphology for specific separation.  Numbers of different techniques such as 
stretching, track-etching, melt extrusion, compression molding, sol-gel process, vapor 
deposition, sintering, phase inversion and solution casting are developed to 
manufacture polymeric and inorganic membranes.  Depending on their physical 
structures, membranes can be largely classified as (1) symmetric and (2) asymmetric 
membranes, which exhibit different characteristics for separation objectives. 
 
Symmetric membrane is merely consisting of a uniform structure throughout 
the membrane.  Homogeneous and microporous membranes are the two typical 
examples of symmetric membrane.  Particularly, a homogeneous membrane is 
referring to dense membrane, which has tremendous scientific value and are 
intensively used in laboratory scale for the fundamental study of intrinsic membrane 
properties.  It is commonly prepared through solution casting or phase inversion.  
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Besides, microporous membranes consist of a solid matrix with defined pores, and the 
separation of the various chemical species is achieved strictly by a sieving mechanism 
with the pores and relative size of particles being the determining parameter.  Most of 
the microporous membranes are manufactured through the sintering of inorganic 
materials, or phase inversion from 3 components dope solution (polymer-solvent-
nonsolvent) for polymeric materials. This type of membrane is utilized for various 
separation tasks on a laboratory or industrial scale. 
 
 Asymmetric membranes are used primarily for pressure driven membrane 
processes.  In contrast to the symmetric membranes, their structures consist of a very 
thin active skin layer on a highly porous substrate.  The main purpose of this support 
layer is to provide the membrane with adequate mechanical strength and eliminate 
substantial substructure resistance of gas transport through the polymer matrix. Phase 
inversion is mainly used to prepare asymmetric membranes.  The porous structure is 
formed by precipitation from a homogeneous polymer solution. On the other hand, 
composite membranes are in general an improvement over phase inversion 
membranes.  The composite technique allows one to produce support and active (skin) 
layers from different materials, which are selected for optimum function in each case.  
It is not generally restricted to 2 layers, but it can be fabricated with a number of 
regions or coating layers to enclose with advanced separation characteristics for the 
specific application.  Figure 1.6 illustrates the structural different among symmetric 
and asymmetric membranes.   
 
On top of membrane fabrication techniques, the structural modification of 
membrane materials is often necessary to enhance the overall performance of 
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membranes, especially in improving the selectivity and productivity, as well as the 
chemical stability of membranes.  The modification of polymeric membranes will be 




Figure 1.6 Typical membrane morphology. (Chung, 1996) 
  
1.3.3 Membrane Characterization and Evaluation 
 
Membrane characterization and evaluation is an important step in membranes 
engineering to characterize the morphology, physical and chemical structure, as well 
as the characteristics of bulk membranes.  It is commonly performed after material 
selection and membrane formation.   The characterization instruments are including 
density meter, infra-red absorption, differential scanning calorimetry, X-ray 
scattering/diffraction, scanning electron microscopy and some other techniques to 
reveal the properties of membranes formed.  Moreover, for porous structures 
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information, especially the pore sizes and distribution in the membrane can be 
obtained from positron annihilation lifetime spectroscopy, micromeritics, BET surface 
area analyzer, and etc. The intrinsic properties of membranes (permeability, 
selectivity, solubility and diffusivity) are also extremely important in determining the 
capability of a membrane system, which can be obtained through permeation tests, 
microbalance and sorption cell.  Ultimately, membrane evaluation is a foremost step 
to determine the ability of a membrane under prevailing conditions to achieve its 
desired function for a specific application.  
 
1.3.4 Membrane Modules and Design Considerations 
 
 Membrane gas separation system offers great benefit that enables it to be 
applied in various industrial processes.  Principally, membrane module is the heart of 
a membrane system to determine the yield and efficiency of a separation process. 
Industrial membrane modules are regularly based on both flat and hollow fiber 
configurations.  The vast majority of industrial membrane modules are constructed 
into five basic designs: plate-and-frame, spiral wound, hollow fiber, tubular and 
capillary.  Flat sheet membranes usually contained in the plate-and-frame devices and 
spiral wound elements, whereas the modules of hollow fiber, tubular and capillary 
involved hollow fiber configuration.  Three most general modules employed in 






1. Plate-and-Frame Modules 
 Plate-and-frame design replicates conventional filtration setup.  It is 
conceptually simple, which consists of a package of flat sheet membranes.  Plate-and 
frame module is easy to fabricate and the area of the membranes are well defined.  
The flat sheet membranes, mainly used for experimental purpose to characterize the 
intrinsic properties of membrane are stacked together like a multilayer sandwich in a 
frame. This module consists of a cylindrical tube, spacer materials to separate the 
membrane envelopes and rubber gaskets to direct the flow through the module and 
seal the assembly (Paul and Yampol’skii, 1994).  The plate-and-frame package design 
is illustrated by a schematic diagram shown in Figure 1.7.  Lowest surface area/unit 
separator volume (~100-400 m2/m3) is the major drawback of Plate-and-frame 
module.  Consequently, this module is disfavor in gas separation application and 
relegated to oxygen enrichment for small scale medical application (Kesting and 










2. Spiral-Wound Module 
 The spiral-wound module maintains the simplicity of flat membranes 
fabrication, but it is the next logical step from a flat membrane. This element 
increases the packing density (membrane surface per module volume) remarkably to 
300-1000 m2/m3 as compared to plate-and-frame module. As shown in Figure 1.8, the 
assembly consists of a sandwich of flat sheet membranes to form an envelope 
enclosing a separator/spacer in between to provide mechanical strength and permeate 
flow space.  The membranes envelope is wound around a central core of a perforated 
collecting tube.  When a spiral-wound module is in operation, feed gas flows outside 
the membranes envelope and permeate is collected inside and removed through the 
central collector. 
 
Figure 1.8 Spiral-wound elements and assembly. (Paul and Yampol’skii, 1994) 
 
3. Hollow-Fiber Module 
 The hollow fiber module consists of a large number of hollow fibers 
assembled together into a pressure vessel.  The membranes are in the shape of thin 
hollow tubes with very small diameter.  The geometric arrangement of module is 
similar to conventional heat-exchanger assembly, as presented in Figure 1.9.  It offers 
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a fairly high packing density with maximum membrane surface area per unit volume 
as high as 10 000m2/m3 (Geankoplis, 1995; Mulder, 1996).  Typically, the high 
pressure feed enters either into shell side or bore side and permeate is collected from 
the other side. However, the major disadvantage associated with hollow fibers is 
significant pressure drops at bore side when large quantities of gas permeating the 
membrane. Therefore, for the gas separation, feed stream must be relatively clean and 
shell side feeding is preferable to avoid high pressure drop and attain a high 
membrane area.   
 
 The selection and application of membrane module are principally 
depending on economic consideration, separation performance and practicability 
(ease of cleaning, ease of maintenance, ease of operation, compactness of the system, 
scale and the possibility of membrane replacement).  Table 1.6 shows the 




Figure 1.9 Hollow fiber separator assembly. (Geankoplis, 1995) 
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Table 1.6 Qualitative Comparisons of Various Membrane Modules (Mulder, 
1996) 
 Tubular Plate-and-Frame 
Spiral-
Wound Capillary Hollow Fiber
Packing density Low ------------------------------------------------Æ Very high 
Investment High ------------------------------------------------Æ Low 
Fouling tendency Low ------------------------------------------------Æ Very high 
Cleaning Good -----------------------------------------------Æ poor 
Membrane replacement Yes/No Yes No No No 
 
With referring to Table 1.6, spiral-wound modules and hollow fiber are the 
two major choices for gas separation application.  Spiral-wound module tends to have 
lower permeate pressure whereas hollow fiber module exhibits the highest packing 
density among all the modules.  To overcome the problem of pressure drop in hollow 
fibers, compression and recompression of product gas must often be considered, but 
usually resulted in significant cost addition to a given process.  Universally, the need 
to achieve high packing density in a cost-effective manner is probably the most 
critical criteria to be considered in a membrane system.   
 
 
1.4 GAS TRANSPORT MECHANISMS OF MEMBRANE SEPARATION  
 
 
Gas membrane separation is a straightforward process concept driven by the 
pressure gradient imposed between upstream and downstream streams.  Permeation is 
a rate-controlled process and separation degree is determined by the selectivity of 
membrane at the conditions of separation, including pressure, temperature, flow rate, 




some components pass through the membrane more rapidly than others.   Depending 
on the pore sizes in membranes matrix, there are four fundamental transport 
mechanisms in gas separation membranes, namely (1) Poiseuille Flow (2) Knudsen 
Diffusion (3) Molecular Sieving and (4) Solution-diffusion, as illustrated in Figure 
1.10 (Koros, 1991).  
From Figure 1.10, it is obvious that there are two major types of membranes 
involved in the gas separation.  The first is the “porous” membrane in which the gases 
are separated on the basis of their molecular size through the small pores in the 
membrane matrix, by Poiseuille flow, knudsen diffusion or molecular sieving.  
Nevertheless, the vast majority of commercial application is based on nonporous 
membranes (contain no holes or pores in the conventional sense) through solution-



























































Figure 1.10 Schematic presentation of main mechanisms of membrane-based gas 










1.4.1 Poiseuille Flow 
 
The Poiseuille flow also known as viscous flow occurs when the mean pore 
diameter is larger than the mean free path of the gas penetrants. The mean free path 
here refers to the average distance traversed by a gas molecule between collisions and 
it is pressure and temperature dependent. In this condition, membrane contains pores 
large enough to allow convective flow, where gas molecules collide exclusively with 
each other and no separation is obtained between the gas components.  This type of 
transport mechanism is observed for the membranes having the much larger pore sizes 
than gas molecules, at pores size, dp > 10 µm and the flux is proportional to 4r . 
 
1.4.2 Knudsen Diffusion 
 
Convective flow will be replaced by Knudsen diffusion in a porous membrane, 
whose pore sizes less than the mean free path of the gas molecules (Koros and 
Fleming, 1993).  Gas molecules therefore interact with the pore walls much more 
frequently than with one another and allow lighter molecules to preferentially diffuse 
through pores to achieve separation.  Knudsen diffusion principally takes place in the 
membranes with the pore size of 50-100 Å in diameter (Koros, 1991).   
 
Knudsen diffusion achieved when the permeating species flow via the 
membrane almost independent of one another.  Hence, the Knudsen diffusion 
coefficient, kD (m
2/s) is independent of pressure.  For an equimolar feed, the 
permeation rate of Knudsen diffusion is inversely proportional to the square root of 






= =        (1.1) 
 
Where the average pore radius is given by r (m), v is the average molecular velocity 
(m/s) and T is the operating temperature.  Whilst, the highest attainable separation 
factor between two different gas molecules i and j equals to the square root of the 
ratio of the two gas molecular weights.           




α =                                                         (1.2) 
 
Consequently, such membranes are not commercially attractive in general for 
standard application due to their relative low selectivity. 
 
1.4.3 Molecular Sieving 
 
Molecular sieving separation is primarily based on the precise size discrimination 
between gas molecules through ultramicropores (< 7 Å in diameter).  Molecular 
sieving membranes become increasingly important in gas separation especially for 
inorganic membranes due to their reported higher productivity and selectivity than 
solution-diffusion polymeric membranes (Koresh and Soffer, 1987; Way and Roberts, 
1991).  Their porous nature has led to high permeability, while the high selectivity is 
achieved through effective size and shape separation between the gas species.  This 
happens when the pore diameters are small enough to allow the permeation of smaller 
molecules while obstructing the larger molecules to diffuse through.  Carbon 
molecular sieve membranes (CMSMs) and zeolites are the typically membranes 
 33
dominated by molecular sieving mechanism and give the high separation 
performance.  The ratio of the gas molecular size to the micropore diameter controls 
the gas permeation rate and separation in molecular sieving materials (Fuertes et al., 
1999).    
 
1.4.4 Solution-Diffusion  
 
 
The last mechanism, solution-diffusion through the selective layer of a 
nonporous membrane occurs in the absence of direct continuous pathways for the 
transportation of gas penetrants across the membrane.  This transport mechanism 
produces high performance membranes, which are used exclusively in commercial 
separation devices to conveniently separate wide spectrum of gas pairs.  Solution-
diffusion mechanism is conceptually assumed that the gas at the high pressure side of 
the membrane dissolves in the membrane and diffuses down a concentration gradient 
to the low pressure side, where the gas is desorbed (Koros et al., 1988; Mulder, 1996).  
This mechanism commonly found in the gas transportation through polymeric 
membranes.  The diffusion process may be envisioned as a series of thermally agitated 
motion of chain segments comprising the polymer matrix to generate penetrant-scale 
transient gaps in the matrix, thereby allowing the penetrant to execute diffusive jumps.  
Due to the higher concentration at the upstream side than that at the downstream side, 
the penetrants undergo random jumps and a diffusion flux occurs toward the 
downstream (Koros, W.J. and M. Hellums, 1989), while the sorption abides the dual 
mode model, which will be further discussed in the next chapter.  Parenthetically, the 
relative extent of solution and rates of diffusion for the gas molecules in polymeric 
membranes are determined by the chemical structure of polymers. 
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1.5 RESEARCH OBJECTIVE AND ORGANIZATION OF 
DISSERTATION  
 
This research study comprised of two main aspects, which are fabrication of 
high performance polymeric membranes and carbon membranes.  The main objective 
of my research work is to evaluate the use of polyimide as a precursor to prepare both 
polymeric and carbon membranes for gas separation. In this study, the variables of 
interests, especially the effect of modification/pretreatment on separation performance 
of polymeric and carbon membranes will be discussed.  For the polymeric membrane, 
the cross-linking modification of polyimide was examined in order to optimize the gas 
transport properties.  On the other hand, the development of pioneer methods in 
pyrolyzing the carbon membrane with excellent gas separation properties was also a 
major interest in this investigation. In order to achieve the above objective, the scopes 
of this study have been drawn as follows: 
1. Chemical cross-linking modification of polyimide membranes for gas 
separation. 
2. Preparation of carbon membranes with superior separation properties through 
the pretreatment of polymer precursor before pyrolysis. 
3. Development of promising membrane material, namely carbon-zeolite 
composite membrane for natural gas separation. 
4. Characterization and optimization of permeation properties for above 
membranes prepared in the research study. 
 
This dissertation is organized and structured into nine chapters and four 
appendices. Chapter One is an introductory chapter of this dissertation.  It provides 
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the introduction of membrane-based gas separation, which covers the historical 
survey and advantages of gas separation membranes, industrial applications and 
transport mechanisms of gas separation membranes. A brief introductory description 
on the engineering principles of membrane gas separation, including membrane 
material selection, membrane preparation and modification, membrane 
characterization and evaluation, as well as the membrane module design are presented.  
The research objective and outline of this dissertation are also presented in this 
chapter. 
 
The introduction and fundamental concepts of polymeric gas separation membranes 
are given in Chapter Two.  This chapter highlights the background and basic theories 
of gas transport (models of free volume and occupied volume, dual mode sorption and 
dual-mode model for permeation) in non-porous polymeric membranes. The effects of 
pressure and temperature on gas separation performance are described.  Finally, the 
membrane materials and advanced modification of polymeric membranes are depicted. 
 
Chapter Three introduces the background and principles of carbon molecular sieve 
membranes (CMSMs) for gas separation.  The engineering consideration of CMSMs 
fabrication including selection of polymer precursors, pyrolysis process, modification 
of CMSMs and membranes configurations is elaborated.  Besides, the structure of 
carbon membranes, theoretical explanation of pore formation and its selective 
transport mechanism are compiled. 
 
The general experimental approaches and methodologies, along with the materials 
involved in all areas are documented in Chapter Four.  The details of the membranes 
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preparation and membranes physical characterization techniques are addressed.  The 
constant volume-variable pressure method for both pure gas and mixed gas 
permeation tests, as well as pure gas sorption tests are also reported in this chapter. 
 
Chapter Five reports the effect of cross-linking modification on polymeric (polyimide) 
membranes.  The reaction mechanism involved in the cross-linking modification is 
disclosed. The investigation about the effects of cross-linking modification on the 
physical properties and separation performance of polymeric membranes are reported.  
The effectiveness of proposed cross-linking approach in suppressing the plasticization 
phenomenon will be also discussed.  The mixed gas permeation behavior is analyzed 
and compared with the pure gas permeation of cross-linked membranes.   
 
Chapter Six describes the fabrication of carbon molecular sieve membranes derived 
from a commercially available polyimide, P84.  The evolution of volatile compounds 
and polymer degradation during pyrolysis were examined.  The effects of pyrolysis 
temperature on carbon yield and density, as well as carbon membrane performance 
were also investigated.  A comparison of permeation properties among carbon 
membranes derived from 4 commercially available polyimides, which are P84, 
Matrimid® 5218, Kapton® and Ultem (polyetherimide) showed that the P84 carbon 
membranes exhibited the superior separation efficiency for CO2/CH4 separation.  
 
Chapter Seven explores two novel approaches to fabricate carbon molecular sieve 
membranes based on chemical modified and nonsolvent-treated polyimide precursors.  
A comprehensive study on the thermal behavior of carbon membranes derived from 
cross-linked and nonsolvent-treated polyimides is presented.  WAXD and PALS data 
 37
suggested a tighter chain packing and smaller pore size for the CMSMs fabricated 
with the nonsolvent pretreatment.  We have shown for the first time that the 
nonsolvent pretreatment is effective in preparing high-performance carbon 
membranes for gas separation.   
 
Extension of above investigation in developing a promising brand-new material for 
CO2/CH4 separation is presented in Chapter Eight.  The concept of mixed matrix 
theory is applied to prepare carbon-zeolite composite membranes, an attractive 
material with excellent separation properties.  A pioneer study regarding the 
separation performance with incorporation of different zeolite fillers in carbon matrix 
is presented.   
 
General conclusions drawn from this research study are summarized in Chapter Nine.  
Inclusive in this ending chapter are some recommendations/suggestions for future 
research related to this work.  
 
Appendix A demonstrates the derivations of the average diffusion coefficient and the 
effective diffusion coefficient based on the definition of permeability.  Appendix B 
shows the calibration of the volume of downstream compartments in a gas permeation 
cell.  Calculations of the fractional of free volume (FFV) and solubility parameter 














2.1 PRINCIPLES OF MEMBRANE GAS SEPARATION 
 
 
 The success of gas separation processes based on polymeric selective 
membrane ultimately depends on the gas transport properties (notably permeability 
and intrinsic selectivity) of the polymeric membrane material.  The fundamental 
understanding of gas transport mechanism is the requisite in order to design the high-
performance polymeric membranes, as it is the main factor that controls the 
































 Membrane film thickness, l and Area, A acts as a selective barrier in a 
separation device.  It separates two chambers at different pressures, as the high 
pressure feed gas is supplied to one side of the membrane.  Thereafter, the permeating 
gas will permeate through membrane from the high pressure chamber to the low 
pressure chamber.   “Sweep gas” is frequently introduced at the permeate side of 
membrane to take permeate away from the membrane aimed to improve the 
separation performance. A typical schematic of membrane gas separation is presented 
in Figure 2.1.   Hypothetically, the transportation of gas penetrants at the membrane 
interface establishes a velocity gradient or profile along its surface.  In gas separation, 
however, membrane itself is the only major resistance to mass transport, and the gas 
diffusion rate is very high compared to the flux across membrane, thus the 
concentration profile is negligible at both upstream and downstream sides.  The gas 
phase on the high and low pressure side is in equilibrium with the membrane 
interface.  As a result, gas transport in nonporous polymeric membranes generally 
involves solution and diffusion.   
  
 Gas diffusion through nonporous membranes in three dimensions is described 
by Fick’s first law (Crank, 1975).   Fick’s Law describes the diffusive flux of a 
species under a concentration gradient.  Adopting Fick’s first law, if a local penetrant 
concentration gradient, C
x
∂⎛ ⎞⎜ ⎟∂⎝ ⎠ of a gas exists in a finite volume of a polymeric 
membrane matrix, then there exist a tendency for the gas to move in such a direction 
as to decrease the gradient. The gas concentration during diffusion process at any 
location is the function of time (t) and distance (x).  The flow of gas, represented by 
the steady state flux, J is proportional to the concentration gradient and the constant of 
proportionality is defined as the diffusion coefficient, D as follows:                    
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 ( , )C x tJ D
x
∂= − ∂                  (2.1) 
 
 As mentioned previously, the gas permeation via a nonporous polymeric 
membrane is a coupled diffusion and solution process.  Accordingly, the equation 
describing gas transport through solution-diffusion membranes boils down to a 
combination of Fick’s Law of diffusion and Henry’s Law relating solubility of gases 
in polymer.  In the membranes gas separation, the steady-state diffusive flux, J is 
generally represented by Q
A
, the amount of substance diffusing across unit area in unit 
time and given by  
 1 2( )C CQ D
A L
−=                  (2.2) 
 
where Q is the volumetric flow rate of gas at standard temperature and pressure, 
which has passed through area A, and L is the thickness of membrane.   
 
Besides, Henry’s Law relates the concentration of gas at the membrane surface 
with Solubility coefficient (S) to gas pressure (p) in contact with the polymer, as 
follows: 
 C Sp=                   (2.3)                                     
 
Substituting equation (2.3) into Equation (2.2) gives local membrane separation flux 
in terms of pressure gradient, can be described by: 
 1 2( )DS p pQ
A L
−=                         (2.4) 
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Since the gas permeability (P) can be written as a product of the thermodynamic 
factor, solubility coefficient (S) and the kinetic parameter, diffusion coefficient (D) 
(derivation can be found in Appendix A), the equation (2.4) becomes: 
 Q P p
A L
∆=                   (2.5) 
 
The rate of gas permeation through a membrane is always determined by the 
permeability, P.  Therefore the equation (2.5) can be rearranged as follows: 
 QLP
A p
= ∆                   (2.6) 
 
 From equation (2.6), it is obvious that the permeability of membrane of a 
given gas is a parameter equal to the pressure- and thickness-normalized flux.  This 
equation identifies that the membrane performance or permeability varies 
continuously along the surface.  It also shows that the product recovery varies with 
pressure differential and membrane thickness. Permeability provides the overall 
measure of the ease of transporting the gas through the polymeric materials.  The 
permeability is expressed as cm3 (STP)-cm/cm2-s-cmHg, and commonly the unit 
“barrer” which stands for 10-10 cm3 (STP)-cm/cm2-s-cmHg, is used as a standard unit 
for membranes gas separation.  
   
 In addition, the permeability of a gas through a membrane controls the actual 
flow rate of the gas when steady state flow is achieved. The time required for steady 
state flow is determined by the diffusion coefficient. The diffusion coefficient is 
kinetic in nature and largely determined by polymer-penetrant dynamics (Zolandz and 
Fleming, 1992).  It measures the mobility or speed of the gas penetrants transported 
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across the membrane.  In the conventional flexible chain polymers, the diffusion 
coefficient is proportional to the frequency at which gaps of sufficient volume open 
next to a penetrant and allow it to make a diffusive jump.  Therefore, the rate of 
diffusion depends on the relative motion of penetrant molecules and polymeric chain 
segmental mobility, and these are influenced by the penetrant size, shape, 
concentration, chain packing, temperature, and cohesive energy of the polymer.  On 
the other hand, the sorption or solubility coefficient, S is thermodynamic in nature and 
affected by polymer-penetrant interactions as well as excess interchain gaps in glassy 
polymers (Zolandz and Fleming, 1992).  It provides a measure of gas concentration 
that dissolved in the polymeric membrane per unit of applied pressure of the gas 
tested when equilibrated with a given gas pressure or fugacity.  Thus, penetrant 
condensability, polymer-penetrant interactions and free volume in glassy polymers 
govern the sorption coefficient.   
 
  Other than permeability, selectivity is also an important technical term to 
evaluate membranes for gas separation.  The selectivity indicates the intrinsic 
permselectivity of a membrane material to a binary mixture of component A and 
component B.  In gas separation, membrane selectivity is characterized by a 
separation factor, /A Bα , which is a ratio of the mole fractions of two components, A 









α =                  (2.7) 
 
When the downstream pressure is negligible compared to the upstream pressure, the 
ability of the membrane to separate gases is characterized by the ideal selectivity (also 
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known as permselectivity), defined by the ratio of the permeabilities of two gases 
(Zolandz and Fleming, 1992): 




α ⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠                 (2.8) 
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⎛ ⎞⎜ ⎟⎝ ⎠
as 
solubility selectivity.  For a given gas pair, it is reported that the permselectivity 
improvement in polymeric materials is normally accomplished by increment in 
diffusivity selectivity as it is dominant for most glassy polymers.  Chain backbone 
rigidity and intersegmental packing often control the diffusivity selectivity as it relates 
to the ability of polymer matrix to selectively separate penetrants based on molecular 
size.   In binary gas separation, the solubility selectivity is primarily dependent on the 
relative difference in the condensability of two gaseous penetrants, the interactions 
between the two penetrants and the polymer.  Solubility selectivity is dominant for 
rubbery polymers.  As compared to mobility selectivity, the research investigation 
demonstrated that the solubility selectivity is hard to increase without simultaneous 
decrease in diffusivity selectivity owing to induced plasticization of polymer matrix 
by gas penetrants (Koros, 1985).  







2.2 THEORY OF GAS TRANSPORT IN NONPOROUS GLASSY 
POLYMERIC MEMBRAENS 
2.2.1 Polymers Free Volume and Occupied Volume  
 
Further to the brief introduction of glassy polymers in Chapter 1, the concept 
of free volume in glassy polymers will be elaborated, as it is imperative in the 
transport of non-interacting penetrants such as nitrogen, oxygen, helium through the 
glassy polymeric membranes.  The concept of free volume in a polymer is an 
extension of the ideas from Cohen and Turnbull (1959), first used to describe the self-
diffusion in a liquid of hard spheres.  As introduced in section 1.3.1.1, a glassy 
polymer is an amorphous polymeric material that is below its glass transition 
temperature (Tg) under the conditions of use.  The physical characteristic of glassy 
polymers is commonly associated to the complex sorption isotherm governed by 
“unrelaxed volume” or “excess free volume (or simply known as free volume)” 
locked into the glassy materials.   
 
A volume unit of a polymer is conceptually assumed to be made up of the 
occupied volume (Vo) and free volume (Vf), where the specific volume (Vs) is the 
measure of the total unit volume and defined by: 
 1sV ρ=                     (2.9) 
 
where ρ is the density of the polymer. Then, the specific volume, Vs is given by the 
sum of the occupied volume, Vo and the free volume, Vf , as follows: 
 s o fV V V= +                   (2.10) 
 45
The concept of free volume is well-demonstrated by the Simha-Boyer Model 
(Simha and Boyer, 1962) for temperature dependence of specific volume, as 
illustrated in Figure 1.3. Accordingly, there is a break in the volume when the 
temperature is lowered below the Tg and the free volume is observed.  The free 
volume is defined as the volume unoccupied by the macromolecules resulted from 
trapped nonequilibrium chain conformations in quenched glasses.  This is generated 
through the extraordinarily long relaxation times for segmental motions in the glassy 
state by thermal expansion of initial closely packed molecules. In contrast, the 
occupied volume contains both van der Waals volume of the atoms and the excluded 
volume, is given by 1.3 times the van der Waals volume.  In the glassy membranes 
gas separation, the free volume acts as an immobilization portion for the penetrant 




2.2.2 Dual-Mode Sorption Model 
 
 Gas sorption equilibrium in polymers above their Tg is always accurately 
described by Henry’s law.  However, considerable deviation has been observed from 
this simple linear relation for amorphous glassy polymers due to the presence of 
excess free volume.  The sorption isotherm of glassy polymers is generally highly 
nonlinear indicates the strong interactions between gas penetrants and polymer. An 
abundance of literatures (Berens, 1974; 1975; Koros et al., 1976; Paul and Koros, 
1976; Vieth, 1976; Koros, 1980; Barrer, 1984) revealed the transport and sorption of 
gases in glassy polymers obeys a more complex sorption isotherm, which is precisely 
described by dual mode sorption theory.  This theory postulates that the gaseous 
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penetrants are sorbed into two microscopic distinctively different environments, 
namely the Henry’s environment and Langmuir’s environment.  
 
The Henry’s mode consists of gas sorption into the densified region of 
polymer and accommodates mobile gas molecules through dilation of matrix 
following Henry’s law.  It is regarded as the ordinary dissolution process, the 
concentration of the molecules, CD is related to the penetrant pressure (p): 
D DC k p=                   (2.11)
      
where DC is the gas concentration dissolves in the Henry’s mode and 
Dk (cm
3(STP)/cm3(polymer)-atm) is the Henry’s Law constant which indicates the 
affinity of the gas to be sorbed into the dense region of polymer matrix. 
 
The second population, the Langmuir mode of sorption is seen as a ‘hole’ 
filling process where the gaseous penetrants are trapped in the excess free volumes 
available between the intra and inter-nodular polymer chains displacement during the 
glass transition.  This sorption mode is associated with any mechanism which 
immobilizes penetrant molecules in a microheterogeneous medium.  The 








= +                   (2.12) 
 
where HC  is the concentration of gas adsorbed into the Langmuir sites, b (1/atm) is 
the Langmuir affinity constant, which is an equilibrium constant equal to ratio of the 
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sorption and desorption rates in the excess free volumes dispersed in the polymer 
below its Tg. 'HC (cm
3(STP)/cm3(polymer))is the hole saturation constant or also 
known as Langmuir capacity constant that provides the measure of the sorption 
capacity in the unrelaxed polymer volumes.  Therefore, the total concentration of a 
gas in a glassy polymer (equilibrium) for this phenomenological description of dual 
sorption is given by the sum of the Langmuir and Henry’s law contribution: 
bp)  
bpC'  pk C C  C HD H D ++=+= 1(                (2.13)                         
  
The dual sorption model often gives a good description of observed 
phenomena and it is very frequently used to describe sorption in glassy polymers.  
The basic assumptions applied to this transport model are (Vieth, 1988): 
1. Two modes of sorption mechanisms, Henry’s law sorption and Langmuir sorption 
occur simultaneously. 
2. Local equilibrium between these two modes is maintained throughout the 
membrane with rapid exchange between these two populations.   
3. The gas sorbed in the Langmuir mode is completely immobilized. 
4. Diffusion occurs only in the Henry’s mode. 
5. The true diffusion coefficient is a constant, independent of concentration or 
position in the membrane. 
 
 With reference to the above mathematical expressions, nonlinear sorption 
isotherms are often obtained for glassy polymers in the absence of plasticization.  
Since the Langmuir adsorption sites is associated with the excess free volumes frozen 
into the polymer, the difference in the glass transition temperature of polymer and 
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experimental temperature at which the sorption parameters are measured tends to 
affect the Langmuir sorption capacity [Toi et al., 1982].  In a polymer/gas system, this 
sorption capacity value decreases with increasing temperature and disappears in the 
vicinity of Tg. The solubility data can be obtained from equilibrium measurements, 
where the volume of gas taken up is determined when polymer sample is brought into 
contact with a gas at a known applied pressure.   
 




Originally, it was assumed that gas molecules in the microvoids were totally 
immobilized and that the permeability was represented by 
 D DP k D=                    (2.14)
  
Subsequently, Petropoulos (1970), Paul and Koros (1976) had modified the dual-
sorption theory by assuming the molecules sorbed in the excess free volume possess 
limited mobility, which is not completely immobilized. The resulting model is known 
as partial immobilization model or dual-mode model.  This model suggests that the 
gases trapped in the Langmuir adsorption sites are partially movable while the 
Henry’s population remains completely movable.  For that reason, two different 
diffusion coefficients are used to measure the diffusion of the gases in these two 
sorption environments namely the Henry’s diffusion coefficient (DD) and the 
Langmuir’s diffusion coefficient (DH).  In partial immobilization model, it expresses 
the local diffusional flux of a gas in terms of two-part contribution by Fick’s law, and 
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                (2.15) 
Where J is the total diffusional flux; JD and JH are respective fluxes of the two 
populations.  DD is typically much larger than DH except for noncondensable gases 
such as helium or hydrogen due to differences in the energetics of diffusional jumps 
in these two environments (Zolandz and Fleming, 1992).  When a local equilibrium is 
exists between CD and CH, and under a special condition where the downstream 
pressure is negligible, the appropriate expression derived from the partial 
immobilization model for steady-state permeability of a pure gas in a glassy polymer 
















=  is the diffusivity ratio which is a measure of the degree of 
immobilization.  Similarly to the dual mode sorption, it is obvious that the first term 
of equation (2.16) describes the transport in the Henry’s law environment, while the 
second term is related to the Langmuir environment.  Permeability approaches a 
limiting value equal to D Dk D at high pressures, which is same as completely 
immobilization model with reference to the mathematical expressions given above.  
Hence in partial immobilization model, diffusional flux is purely contributed by 
Henry’s law term at high pressures as this asymptotic approach is related to the 
saturation of Langmuir capacity at elevated pressures.  
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2.2.4 Effect of Upstream Pressure on Gas Sorption and Permeation 
 
 
Gas transport properties of a glassy polymeric membrane not only depend on 
the characteristics of polymer and penetrants, but also influenced by the operating 
conditions such as temperature and pressure.  Pressure is one of the important 
determining parameters in membranes gas separation.  As stated before, since 
membrane gas separation is a pressure-driven process, the pressure difference 
between feed and permeate stream has a significant effect on the membrane 
performance.  In a nearly ideal permeation, the sorbed gas molecules are randomly 
dispersed within the polymer matrix (Henry’s Law for sorption) and the diffusion 
coefficient is independent of the concentration of the sorbed penetrants (Fick’s first 
law for diffusion).  Such ideal behaviors are only found if the gas pressure is almost 
atmospheric as well as when interactions are neither present between the penetrant 
molecules nor between the penetrants and the polymer.  Nevertheless, in most 
practical cases, the gas permeation and sorption are pressure dependence and very 
complicated in the case of glassy polymers, as they contained preexisting excess free 
volume.    
 
As mentioned above, there are two populations involved in the gas 
transportation though a glassy polymeric membranes, namely Henry’s and 
Langmuir’s sorption sites.  Accordingly, two types of sorption isotherms, which 
Henry’s isotherm and Langmuir’s isotherm are reported for the solubility of glassy 
polymers.   The Henry’s sorption isotherm may be seen in glassy polymers when the 
gas penetrants involved possess very low solubilities such as hydrogen or helium.  
Such isotherm is nearly independent to the operating pressure.   
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The Langmuir isotherm is the main contribution to the gas solubility and 
transport in glassy polymers having excess free volume.  In general, the gas solubility 
in Langmuir isotherm increases with increasing pressure until it reaches a plateau 
upon reaching the saturation capacity. The plot of gas concentration sorbed in the 
polymer as a function of pressure yields a curve concave to the pressure axis.  In 
agreement with the partial immobilization model of the dual mode sorption, the gas 
permeability coefficient tends to show a small decrease when the upstream pressure 
increases. As shown in equation (2.16), under equilibrium state if the diffusion 
coefficient is constant, the permeability will decline with pressure.  
 
In spite of these, glassy polymers frequently encounter plasticization 
phenomenon at high pressure by condensable gases or organic vapor such as carbon 
dioxide, sulphur dioxide, hydrocarbons or halogen-containing vapors.  Rather than 
signaling breakdown of the concepts of dual sorption model, plasticization presents a 
more complex situation where the transport coefficients, DD and DH cannot be 
assumed constant and independent of penetrant concentration.  In particular, high 
concentration of gas alters the polymer chain motions, decreases Tg, and increases 
diffusion coefficients.  As a result, the high gas sorption levels at high pressure lead to 
plasticization, where the permeability is found to increase with pressure and the 







2.2.5 Effect of Temperature on the Gas Transport Properties 
 
 Gas transport process through nonporous polymeric membranes is well-
described by a solution-diffusion mechanism which includes an activated diffusion 
process.  Arrhenius type of equation is adopted to express the temperature dependence 
of activated process.  This implies the temperature is a sensitive parameter that 
determines the transport of gas via nonporous polymeric membranes.  Diffusion and 
permeability in membranes correlate with the temperature through the following 
equations: 
 0 exp D
ED D
RT
⎛ ⎞= −⎜ ⎟⎝ ⎠                  (2.17) 
 0 exp P
EP P
RT
⎛ ⎞= −⎜ ⎟⎝ ⎠                  (2.18) 
 
 
Since the gas permeability depends on solubility coefficient and diffusion coefficient, 
the temperature effect on both parameters need to be understood.  Similar Arrhenius 
equation is used to describe the temperature effect on the solubility of non-interactive 
gas in a polymer:  
 0 exp S
HS S
RT
∆⎛ ⎞= −⎜ ⎟⎝ ⎠                  (2.19) 
  
where EP, ED and ∆HS refer to the activation energies (kJ/mole) for permeation, 
diffusion and the enthalpy of solution, respectively. P0 (1 Barrer = 10-10cm3(STP)-
cm/(cm2-s-cmHg)), D0 (cm2/s) and S0 (cm3(STP)/cm3(polymer)-cmHg) are the pre-
exponential factors independent of temperature, R is the universal gas constant and T 
is the absolute temperature. The six parameters, P0, D0, S0, EP, ED and ∆HS may be 
determined by the least square data fitting based on experimental results.  
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 The activation energy of diffusion refers to the energy sufficiently localized in 
a polymer for the diffusion jumps of a penetrant from one equilibrium site to other 
neighbouring site for allowing the passage of penetrant to a new position in the 
polymer.  This activation energy is a function of polymer chain packing (or cohesive 
energy density), polymer chain rigidity and the nature of penetrant, for example, the 
penetrant dimension (Zimmerman and Koros, 1999).  In most cases, the penetrant 
diffusivity typically enhances with an increase in temperature and results in a positive 
value of ED (ED > 0).   
  
In the membrane gas permeation process, the enthalpy of solution is a 
contribution of both the enthalpy of mixing and condensation. Nevertheless, the gas 
solubility of membrane separation is tends to decrease with increasing temperature, 
where ∆HS < 0, indicating an exothermic process.  On the other hand, the activation 
energy of permeation is essentially given by the sum of the activation energy of 
diffusion and enthalpy of solution, as depicted in following equation:  




 Overall, temperature exhibits the opposite effect on diffusion and solubility 
coefficient.  Diffusion coefficient increases, while the solubility coefficient decreases 
with increasing temperature.  For small non-interactive gases, the temperature effect 
on permeability is determined more by diffusion coefficient ( D SE H> ∆ ), thus the 
permeability increases with increase in temperature.  In contrast, for organic vapor or 
larger molecules, the transport process is dominated by solubility coefficient 
( S DH E∆ > ), and the permeability will decrease with increasing temperature (Baker 
and Wijmans, 1994).   
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2.3 MEMBRANE MATERIALS FOR GAS SEPARATION-POLYIMIDES  
 
 
The separation performance of nonporous polymeric membranes is governed 
by the intrinsic properties of polymer material.  There are two key technical 
challenges involved in membrane materials selection: (1) to achieve high selectivity 
with equivalent productivity for the particular application, and (2) to maintain the 
membrane properties in complex and aggressive environments (Koros and Mahajan, 
2000).  Hence, the critical characteristics for an ideal membrane material are listed as 
follows (Mazur and Jakabhazy, 1984; Rousseau, 1987):   
1. Tractability 
2. Chemical resistance to potential contaminants present in gas streams 
3. Mechanical stability under high pressure operation 
4. High temperature resistance 
5. High selectivity for a given pair of gases 
6. High permeability for the more permeable gas components 
7. Manufacturing reproducibility 
8. Easy synthesis with a low cost 
 
With reference to the above criterions, engineering design of membrane 
separation system required identification of membrane materials with high separation 
capability and/or tailoring of high performance membranes based on structure-
properties relationship.  Furthermore, the improvement and retaining of membrane’s 
stability under conditions of use are crucial to ensure the practicability of membrane 
in a separation system.  For that reason, modification of polymers and membranes are 




 As mentioned previously in Chapter One, most of the membrane separation 
processes utilized glassy polymeric membranes, especially for industrial application 
due to their high gas selectivity and good mechanical properties.  The earliest 
commercial membrane materials included polysulfone and cellulose acetate, but many 
other glassy polymers such as polyimides, polyamides, polycarbonates, 
polyetherimide and sulfonated polysulfone, have considerably made up a huge 
proportion in the current membranes market.  Among these polymers, polyimides 
have been a focus of attention and investigated extensively in both academic and 
industrial laboratories.  Polyimides exhibit impressive gas performance such as 
spinnability, thermal and chemical stability and mechanical strength as compared to 
other polymer materials.   Table 2.1 lists the patenting activity of companies in 
polyimide membranes for gas separation. 
 
 Polyimide is an extremely promising candidate for membranes preparation 
because it possesses a number of valuable physico-mechanical and chemical 
properties.  Polyimides, prepared from a variety of diahhydride and diamine 
monomers are a very good heat resistive material, able to withstand elevated 
temperatures as high as 300 °C for a long period of time and short term heating at 
temperatures up to 480 °C (Ohya et al., 1996).  It is characterized by repeating imide 
unit in the polymer backbone.  Their special aromatic structure for R1 and R2, as 
shown in Figure 2.2 contributes to the exceptional thermal and oxidative stability of 
polyimides (Landis and Lau, 1998).  The high glass transition temperature (Tg) of 
polyimides is achieved through the combination of the aromatic structure and imide 




Table 2.1 List of Companies Active in Patenting (Extracted from Ohya et al., 1996) 




JP Ube Ind. Ltd. 31 
US E.I. Du Pont de Nemours and Co. 13 





JP Agency Industrial Science and Technology 5 
 US Air Products and Chemicals Inc. 5 
 JP Mitsubishi Rayon Co. Ltd. 5 
 JP Nitto Electric Ind. Co. Ltd. 4 
 DE Ges (GZS) fur Kernenergieverwertung in 
Schiffbau and Sciffahrt 
 
4 
  Other companies, including: 28 
 US The Dow Chemical Co.  
 JP Shin-Etsu Chemical Company  
 US Celanese Corp.  
 JP Fuji Photo Film Co. Ltd  
 GB The British Petroleum (Co. Ltd.)  




Figure 2.2 Aromatic characteristics in polyimides contribute to their thermo-oxidative 
stability. (Landis and Lau, 1998) 
 
 Moreover, polyimides are nonflammable, tractable in the polyamic acid form 
with high processability.  In many cases, they have sufficient solubility in selected 
solvents to permit formulation of casting/dope solution for membranes fabrication.  
Despite of that, polyimides have excellent chemical resistance, particularly widely 
used in organic solvents (methanol, ether, benzene, tuolene, xylene and gasoline) and 
concentrated acid (excluding sulfuric and nitric acids) (Ohya et al., 1996).  
Consequently, polyimide membranes are able to separate the organic substances and 
raw feed gas mixtures without pretreatment, which conventional polymeric membrane 
cannot be applied.   
 
 
 It is well-known that polymers with stiff backbone chains, high chain packing 
density and narrow free volume distribution are necessary to achieve high gas 
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selectivity and desirable permeability.  Polyimides having an aromatic moiety are 
materials with extremely high selectivity among the many types of polymers.  The 
high rigidity of ensemble polyimide macromolecules, suitable polarity and the 
capability of forming hydrogen bonds make them the perfect materials for membrane 
separation, especially the polar gases separation.  Conclusively, polyimides stem from 
the advantages of high selectivity in gas separation, good chemical resistance, thermal 
durability and processability, which have made them an ideal material in preparation 
of high performance membranes.  In view of that, polyimides were selected as the 
membrane materials in my research study, where the objective of this work is to 
identify and evaluate polyimides as a precursor to prepare both the polymeric and 




2.4 ADVANCED MODIFICATION OF POLYMERIC MEMBRANES 
  
  
 Selection of suitable materials and formation of this material into a desired 
membrane structure are the two significant factors in the development of high-
performance membranes. Although membranes fabrication has been reported 
concerning a large variety of polymers, it is often impossible to prepare a membrane, 
whose characteristics perfectly match the separation requirements.  Concisely, the 
success of gas separation processes based on selective membranes ultimately depends 
on the gas transport properties (notably permeability and intrinsic selectivity) of the 
polymeric membrane material, durability, chemical and thermal stability, and 
mechanical integrity at the operating conditions (Koros and Mahajan, 2000).  In order 
to be in the position to design high-performance polymeric membrane materials in a 
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systematic manner, we need to be aware of the challenges encountered by membrane 
separation.  Undoubtedly, achieving high selectivity without sacrificing the 
permeability is the instant challenge in membrane technology.  Further to that, the 
ability of membrane materials in maintaining their properties and stability against 
complex and harsh environments is also a basic criterion.  Besides these two 
preceding confronts, economic consideration will always take into account, especially 
for the commercial applications.  Obviously, this requires the determination of new 
materials and modifications in order to fulfill a wide range of application by 
enhancing the overall performance of the membranes.   
 
Table 2.2 Membrane Modification Methods (Modified from Pinnau and Freeman, 
1996) 
Modification Method Goal 
Annealing 
• Heat Treatment 
• Solvent Treatment 
 
Elimination of membrane defects 
Control of pore size 





Improvement of flux and selectivity 
Improvement of chemical resistance 
 
 
 Therefore, many researches are focusing in the modification of previously 
formed membranes aimed to allow functionalization, improve separation capability, 
as well as raise the chemical/thermal compatibility.  Many studies in this field indicate 
that the modification of pre-formed membranes is required to (1) increase the 
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selectivity and/or permeability and (2) enhance chemical resistance (swelling, solvent 
and fouling resistance) (Pinnau and Freeman, 1996).  Table 2.2 summarizes some of 
the most commonly practiced membrane modification methods. 
 
 Annealing of porous membranes by heat treatment is the earliest reported 
membrane modification method.  Loeb and Sourirajan had successfully improved the 
salt rejection of integrally-skinned asymmetric reverse osmosis membranes made 
from cellulose acetate by hot water treatment (Loeb and Sourirajan, 1962).  
Zsigmondy and Bachmann then performed the hot water/steam treatment onto a 
nitrocellulose membrane to reduce the pore size (Zsigmondy and Bachmann, 1992).  
Hoehn and Kusuki et al. had also employed the annealing with a heat treatment on 
their gas separation membranes and annealing has verified to significantly improve 
the gas separation properties (Hoehn, 1974; Kusuki et al., 1992).   This is because the 
micro-defects in the thin separating layer of a membrane can be eliminated through 
the heat treatment and annealing typically leads to an increase in selectivity.  On the 
other hand, annealing can be also accomplished through the solvent-swelling 
technique (Pinnau and Wind, 1991; Rezac, 1994).  Similar to heat treatment, this is an 
effective method in reducing the number of defects in the thin separating layer with a 
swelling agent such as organic vapor or liquid.    The selectivity of gas separation 
membranes is hence enhanced after solvent treatment as compared to untreated 
membranes.   
 Production of thin-film composite membranes and integrally-skinned 
asymmetric membranes with separating layer thicknesses of less than 0.2 µm were 
well-established for gas separation application.  However, it is tricky to fabricate a 
membrane with defect-free separating layer and reproduce on a large scale.  The 
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separating layer is critical in determining the separation efficiency of a membrane, 
where the micro-defects can severely reduce the selectivity.   Consequently, a surface 
coating method has been developed by Browall with the purpose of sealing pinholes 
and covering the imperfections of membrane’s separating layer by a highly permeable 
polymer, such as polydimethylsiloxane (Browall, 1976).  Next, Henis and Tripodi 
were then applied the similar coating method on integrally-skinned asymmetric 
membranes (Henis and Tripodi, 1980; 1981).  This surface coating method is rapidly 
becomes a common practice in the preparation of defect-free hollow fibers for gas 
separation, as it remarkably enhances the selectivity of membranes while retaining the 
productivity.    
 
 Lastly, chemical surface modification has been extensively exploited as a 
modification method to improve the separation properties and chemical resistance of 
gas separation membranes.  Techniques such as fluorination, fluoroxidation, 
bromination, chlorination, silylation and cross-linking were used to enhance the 
selectivity of membranes without drastically reducing their permeability (Langsam, 
1987; Mohr et al., 1991; Anand et al., 1991; Kramer et al., 1993; Barbari and Datwani, 
1995; Levaesalmi and McCarthy, 1995; Riley and Grabowski; 1981; Hayes, 1998).  
Among these modification techniques, halogenation and fluoroxidation require the 
use of toxic, corrosive halogen gas, and cause the high reduction in permeability, 
which is unfavorable as compared to cross-linking modification.  Cross-linking of 
polymers is often carried out to increase the chain stiffness and chemical stability of 
polymeric membranes.  The selectivity is thereby enhanced since the greater chain 
stiffness enables the polymer matrix to better discriminate between permeating 
molecules of different sizes and shapes.  An extremely simple chemical cross-linking 
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modification has been developed and performed on polyimide membranes in this 













Polymeric membrane separation processes have been developed and adopted 
for gas separation application. It has been identified as an energy efficient and 
economical tool for separation.  However, the application of polymeric membranes in 
rigorous environment has been restricted by their poor thermal and chemical 
resistances.  Moreover, it is arduous for polymeric membranes to breach the tradeoff 
between productivity and selectivity (Steel and Koros, 2002; Vu et al., 2002).  The 
shortcomings of polymeric membranes have motivated the development of alternative 
materials for membrane separation in order to conquer the present challenges and 
competition in current separation technologies.  Therefore, the inorganic membranes 
especially molecular sieving materials such as silica, zeolites and carbon (Centeno 
and Fuertes, 2000; Saufi and Ismail, 2004) with excellent thermal and chemical 
resistances have come into the contest.  Among these inorganic materials, carbon 
molecular sieve membranes (CMSMs) have observed the high potential for gas 
separation.  CMSMs compare favorably with their polymer precursors by exhibiting 
intensive gas transport properties.  They can achieve higher selectivity without 
loosing the productivity (Fuertes et al., 1999; Okamoto et al., 1999; Sedigh et al., 
1999; Tanihara et al., 1999; Ismail and David, 2001; Barsema et al., 2002; Vu et al., 
2002; 2003b) and thus surpass the upper bound limit of polymeric membranes, as 
attested in Figure 1.4.  CMSMs are also recognized with advantages of high thermal 
and chemical stability (Chen and Yang, 1994; Kusakabe et al., 1998; Centeno and 
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Fuertes, 1999; Fuertes et al., 1999; Vu et al., 2002; David and Ismail, 2003).  This 
makes CMSMs suitable for corrosive, high pressure and high temperature operation, 
which is attractive for industrial applications.  However, carbon membranes are very 
brittle and fragile and thus require more careful handling. 
 
 CMSMs are highly porous materials and possess the distribution of small 
selective pores which similar to the dimension of diffusing gas molecules in the order 
of 3-6 Å (Koresh and Soffer, 1987; Jones and Koros; 1994; Vu et al., 2002).  
Selective adsorption and molecular sieving are the main mechanism involved in the 
carbon membrane separation.  Their porous nature has led to high permeability, while 
their molecular sieving morphology restricts more degree of rotational freedom of gas 
penetrants (Singh and Koros, 1996).  Therefore, CMSM exhibits high selectivity by 
permitting effective size- and shape- separation between the gas molecules of similar 
molecular dimensions.  Hence, the separation capability of CMSM strictly depends on 
the pores dimension and surface properties. 
 
 
3.2 FABRICATION OF CARBON MOLECULAR SIEVE MEMBRANES 
 
Fabrication of carbon membranes for effectual gas separation application is 
very tricky and complicated as it involving many steps, such as precursor selection, 
polymeric membrane preparation, pyrolysis, pre/posttreatment and module 
construction. The controlling and optimization of each step is important to produce 
high-performance carbon membranes.  Figure 3.1 demonstrates the six important 




Figure 3.1 Carbon membrane fabrication process. (Saufi and Ismail, 2004) 
 
Categorically, carbonization of polymer precursors has been adopted as a 
simple and useful method in preparing CMSMs.  It is the most crucial step in 
determining the separation capability of a CMSM as the pore structures that govern 
the separation efficiency are formed during pyrolysis (Schindler and Maier, 1990).  
Few important general considerations in CMSMs preparation will be elucidated in the 
following sections.   
 
3.2.1 Selection of Polymeric Precursors and Membranes Preparation 
 
 Carbon molecular sieve membranes can essentially prepared through the 
carbonization or pyrolysis of carbon-containing materials, for instance thermosetting 
resins/polymers, graphite, coal, pitch and plants (Liang et al., 1999).  In spite of this, 
the good processability of polymeric precursors has made them become the major raw 
materials for carbon membranes preparation.  Most importantly, pyrolysis of 
polymeric precursors produces highly pure carbon membranes with relatively low 
organic contaminants (Laszlo et al., 2000). Furthermore, CMSMs derived by 
pyrolyzing polymeric precursors offer a very desirable feature, where the final CMSM 
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morphology and microstructure can be tailored to result in the desired permeation 
properties.  Undoubtedly, the choice of polymer precursors and polymeric membrane 
preparation can appreciably affect the separation performance of CMSMs. 
 
 The selection of polymeric precursor is a primary factor in carbon membranes 
preparation, given that although the same pyrolysis conditions have been used, 
different precursors will result in dissimilar carbon membranes (Suda and Haraya, 
1997a).  Principally, polymers for CMSMs need to have thermosetting properties, 
which do not soften and retain their structural shape when heating at any stage of 
pyrolysis (Fuertes , 1999; Sznejer, 2004).  A desirable precursor material is important 
to produce crack-free CMSMs (Soffer et al., 1989).  Many of thermostable polymers 
including polyfurfuryl alcohol (PFA) (Chen and Yang, 1994), polyvinylidene chloride 
(PVDC) (Rao et al., 1992; Centeno and Fuertes, 2000), cellulose (Koresh and Soffer, 
1983; Soffer et al., 1994), phenolic resins (Centeno and Fuertes, 1999), 
polyacrylonitrile (PAN) (Chen and Harrison, 2002; David and Ismail, 2003), 
polyetherimides (Sedigh et al., 1999; Coutinho et al., 2003) and polyimides (Bürger et 
al., 1975; Takeichi et al., 1998; Hatori et al., 2004; Park et al., 2004) were used for the 
production of carbon membranes.  Among these polymers, the aromatic polyimide-
type polymer appears to be the most excellent material in preparation of CMSMs, 
which exhibits the superior separation and mechanical properties.  
 
 Besides, the optimization in polymeric membrane fabrication is also required 
to prepare CMSMs with satisfactory separation properties.  It is a thumb rule that the 
precursor membranes must be defect-free in order to minimize the production 
problems and defects on the resultant carbon membranes.  Two main configurations, 
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namely supported membranes and unsupported membranes are available for precursor 
membranes. For unsupported polymeric membranes, the spinning and casting 
conditions must be controlled during the fabrication of membranes.  Whereas, for 
making supported membranes, the support materials are crucial as the separation 
quality of membranes is considerably affected by the supporting materials.  
Customarily, the key criterions required for the supporting materials are (1) 
economics (i.e. cost, availability and morphology), (2) durability, (3) heat transfer 
characteristics, (4) chemical reactivity, and (5) compatibility with the carbon (Saufi 
and Ismail, 2004).   
 
3.2.2 Pyrolysis of Polymeric Precursors 
 
 As stated previously, CMSMs are fabricated through the 
carbonization/pyrolysis of pre-existing polymeric precursors.  In the production of 
carbon membranes, pyrolysis is a process in which the polymeric precursors are 
heated to a high temperature with appropriate heating rates and soak time in a 
controlled atmosphere (vacuum or inert environment) to produce highly 
microporosity carbon membranes and exhibit the molecular sieve characteristic 
(Schindler and Maier, 1990).  The pyrolysis is usually carried out at temperatures 
ranging from 500 to 1000 °C (Geiszler and Koros, 1996; Suda and Haraya, 1997a).  
Depending on the conditions chosen, the pyrolysis process removes part of the 
heteroatoms that originally present in the polymer structure, while leaving behind a 
cross-linked and stiff carbon matrix (Sedigh et al., 1999).  During carbonization, the 
volatile byproducts evolve from the precursor matrix, thus the weight and the films 
diameter decrease abruptly after pyrolysis (Fuertes et al., 1999).   
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 It has been proposed that the thermal degradation of polymers normally occurs 
through one of the following mechanisms (Wall, 1976): 
• Main Chain Scission 
• Stripping of the main chain 
• Cross-linking of the main chain followed by the production of volatile 
byproducts.  
 
 Fuertes and Centeno had also reported the cross-linking of polymer chains 
during pyrolysis that causing the formation of disordered pores structures (Fuertes and 
Centeno, 1999).  Accordingly, we can deduce that the pyrolysis of precursor 
membrane resembles the third mechanism and produces byproducts that differ in size 
and complexity.  Specifically, the weight loss of membranes after pyrolysis is 
attributed to the release of ammonia (NH3), hydrogen cyanide (HCN), methane (CH4), 
hydrogen (H2), nitrogen (N2), oxygen (O2), Carbon monoxide (CO), carbon dioxide 
(CO2), benzene, phthalimide and others during thermal degradation of polymer 
(Wright, 1981; Crossland et al., 1987; Inagaki et al., 1992). The resultant CMSMs 
possess an amorphous microporous structure created by the evolution of gases as a 
result of rearrangement of the molecular structure of starting polymeric precursor 
during pyrolysis process. Consequently, the porous nature of CMSMs has led to high 
permeability.  Moreover, their molecular sieving morphology renders the high 
selectivity by permitting the effective size- and shape- separation between gas 
molecules, as well as restricting the degree of rotational freedom of gas penetrants 
(Singh and Koros, 1996).  
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 The exact mechanism of pores formation during pyrolysis is complicated and 
remains unclear.  Nevertheless, Mariwala and Foley have conducted an investigation 
and offer insight into one possibility (Mariwala and Foley, 1994). According to their 
examination on pyrolysis, polymeric precursor decomposition at temperature range of 
200-500 °C accompanies with the formation of highly chaotic structure consisting of 
amorphous carbon and tiny microdomains.  The resulting structure, namely pores with 
a critical average dimension of rpore,1, which are fairly large and surrounded by 
amorphous and crystalline-like region, as presented in Figure 3.2.  Since the 
turbostatic of carbon materials is in a nonequilibrium state, with raising the pyrolysis 
temperatures or increasing soak time, the size of aromatic microdomains increases at 
the expense of amorphous carbon regions.  Hence the more ordered structure is 
formed, the average pore mouth dimension decreases in size and eventually increases 
ultramicroporosity in the carbon materials.  The internal growth of aromatic 
microdomains will continue with further increase in pyrolysis temperature or thermal 
soak time, where the micropores collapse as the microdomains completely align with 
one another.  As a consequence, an optimum temperature is required to avoid the loss 
of the separation capability of carbon material at an elevated pyrolysis temperature.   
 
 In essence, the CMSMs with tailored microstructure (pore size, pore volume, 
etc) could be obtained by controlling the pyrolysis conditions and pre/post treatments.  
The pores of carbon membranes change controllably with pyrolysis and modification.  
In terms of pyrolysis conditions, the pore structures can be controlled selectively by 
adjusting various parameters such as pyrolysis temperature, heating rate, thermal soak 
time and pyrolysis atmosphere (vacuum or inert gas) (Jones and Koros, 1994; 1995a; 
Foley, 1995).  Many studies showed that these variables imposed significant effects 
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on the gas permeation properties of a CMSM.  Pore dimensions and their distribution 
in the microstructure are strongly dependent upon the pyrolysis protocols and 
environments. In other words, the final CMS morphology and microstructure can be 
tailored to result in the desired permeation properties by controlling the pyrolysis 
conditions.   
 
 
Figure 3.2 Conceptual model for “pore” structure evolution and reorganization in 
PFA-derived CMSM. (Mariwala and Foley, 1994) 
 
 Pyrolysis temperature is one of the most important and common parameters 
used to alter the separation properties of carbon materials.  It has the strong influence 
on the structure formation of CMSMs.  The pore sizes of final CMSMs tend to 
decrease with increasing the final pyrolysis temperature and thus lead to more 
selective membranes.  Conversely, lowering the final pyrolysis temperature yields 
more productive but less selective membrane (Geiszler and Koros, 1996; Suda and 
Haraya, 1997a; Vu et al., 2002).  This is because the higher temperature will produce 
CMSMs with higher compactness and density, greater turbostatic structure, higher 
crystallinity and smaller average interplanar spacing between the graphite layers 
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(Tanihara et al., 1999). Even so, recent works have demonstrated that the pyrolysis 
process is unique for each material.  The method in producing a CMSM with a 
specific pore size might not applicable for another as it depends closely with 
precursor materials.  Hence the revision of optimum temperature for a particular 
material is required to obtain the desired pore sizes.   
 
 On the other hand, pores formation of carbon materials is relying intimately on 
the evolution of volatile byproducts during pyrolysis.  Heating rate is a pyrolysis 
condition that determines the evolution rate of volatile components from precursor 
matrix (Soffer et al., 1989).  The heating rates can be ranging widely from 0.2 to 15 
°C/min.  In order to obtain higher gas selectivity, lower heating rates are preferable in 
producing CMSMs with small pores but high porosity, as well as high crystallinity 
(Suda and Haraya, 1997a; Petersen et al., 1997).   Furthermore, formation of pinholes, 
microscopic cracks, blisters and distortions are often observed in the pyrolysis 
protocol with higher heating rate (Soffer et al., 1989).  Generally, the pyrolysis 
protocol is designed for the higher heating rates before the decomposition of polymers 
(around 500 °C for most polymers) accompanied with the slower heating rates at 
elevated temperature to produce highly selective carbon membranes with 
considerably high permeability.   
 
Besides, the transport properties of CMCMs can be further fine-tuned by 
varying the thermal soak time at a particular pyrolysis temperature.  Basically, 
different thermal soak time is required, depending on the final pyrolysis temperature.  
Previous studies (Suda and Haraya, 1997a; Petersen, 1997; Steel, 2000; Ghosal and 
Koros, 2000) showed the selectivity of CMSMs increased with increasing the thermal 
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soak time.  It is believed that only microstructural rearrangement occurs during 
thermal soak, affecting the pore size distribution and average porosity (Vu et al., 
2002).  Principally, the approach involving the increment of thermal soak time will be 
an effective method in increasing the selectivity while maintaining the productivity of 
CMSMs. 
 
 Lastly, pyrolysis environment also play an important role in determining the 
separation properties of CMSMs.  The choice of pyrolysis atmosphere can 
significantly change the pore sizes, pore geometry and even the surface nature of 
CMSMs by sintering or activation effects. As mentioned before, the pyrolysis process 
can be carried out in two different modes of operation, namely vacuum service or 
inert purge gas service.  The controlling of pyrolysis atmosphere is necessary to 
prevent undesired burn-off and chemical damage of polymeric precursors.  Vacuum 
carbonization was verified to produce more selective but less permeable membranes 
than that fabricated through pyrolysis in an inert atmosphere (Geiszler and Koros, 
1996; Vu et al., 2002).  When dealing with the pyrolysis in inert gas such as nitrogen, 
helium or argon, the inert gas flow rate, pressure and concentration will critically 
affect the performance of resultant CMSMs.   In general, higher gas flow rate will 
advantageously improve the productivity without sacrificing the selectivity of carbon 
membranes.  
 
 Conclusively, the optimization of pyrolysis conditions is crucial for the 
engineering design of high-performance carbon membranes.  It has been confirmed 
that even the minor changes of these variable make a great impact on the structural 
changes and hence the separation properties of resultant CMSMs.  Alternatively, pre- 
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or post-treatment can be also performed to alter the structural organization of 
membranes, so as to enhance the separation capability of a carbon membrane.   
 
3.2.3 Modification of Carbon Membranes 
 
Apart from the pyrolysis conditions, CMSMs can be modified to improve their 
permeation properties or to solve several problems inherent to their structure. There 
are two main modifications involved in the production of microporous carbon 
membranes, which are pretreatment of precursor membranes before pyrolysis and 
post-treatment of resultant carbon membranes after carbonization process. Regularly, 
precursor is subjected to more than one pretreatment method to obtain the desired 
separation performance.  Likewise, few post-treatment can be performed in series to 




The polymeric precursor membranes of carbon membranes are frequently 
subjected to pretreatment before undergoing high temperature carbonization process. 
The purpose of pretreatment is to stabilize and preserve the structure of precursor 
membranes in order to withstand high temperatures during pyrolysis.  With the aid of 
specific pretreatment, high-performance carbon membranes with high selectivity and 
stability can be produced.  In general, the available pretreatment can be categorized 
into oxidation, physical treatment and chemical treatment. 
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Oxidation or thermostabilization is the most popular and common technique 
used in pretreating polymeric precursors before pyrolysis.  Many studies have proven 
that the oxidation plays an important role in formatting the carbon membrane 
performance.  The pretreatment has shown its ability to prevent the melting or fusion 
of precursors, while avoiding excessive volatilization of element carbon in subsequent 
carbonization step and maximizing the final carbon yield of carbon materials.  The 
stabilization of precursors, especially the asymmetric structure of precursors is very 
important to provide sufficient dimensional stability and prevent pores collapsing 
during pyrolysis. 
 
 Depending on the precursor materials, the oxidation can be carried out in 
different ranges of oxidative temperatures, as well as thermal soak times under a 
variety of oxidative atmospheres.  The pure gas oxygen (O2), air and carbon dioxide 
(CO2) are regularly used for thermostabilization.  One study involving the oxidation 
of polymer precursors has been carried out by Kusuki and coworkers, who thermally 
treated the precursors (polymeric hollow fibers) in atmospheric air at 400 °C for 30 
min before pyrolysis (Kusuki et al., 1997).  Besides, Tanihara and coworkers had also 
preoxidized their polyimide membranes in atmosphere air at 400 °C for 30 min 
(Tanihara et al., 1999). Both of these studies showed that the thermostabilization 
process cross-linked the polymer chains to prepare a stable structure for withstanding 
the rigors of high temperature processing.  Consequently, oxidation is practical to 
enhance the selectivity without greatly reducing the permeation rates of carbon 
membranes, as reported by Centeno and Fuertes (2000).  
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 Physical treatment is referring to the stretching or drawing of hollow fibers 
(precursor).  It is also recognized as post-spinning treatment to reduce the defects 
formed on hollow fibers.  An ideal physical stretching can contribute in the removal 
of surface defects and attenuation of filament diameter, aimed to enhance the 
retention of molecular orientation prior to the heat treatment.  Therefore, this 
treatment is important to produce carbon fibers with a good balance of stiffness and 
mechanical strength (Chen, 1998).  Draw ratio should be as high as possible to 
achieve satisfactory stretching.  Typically, the upper limit of total draw ratio is about 
80 % of draw ratio at which fiber break occurs (Yoneyama and Nishihara, 1990).  The 
pore system is then able to be preserved to a large extent in the carbon membrane to 
ensure greater dimensional stability.   
 
 As implied in the name of “chemical treatment”, this pretreatment is 
performed by utilizing chemical reagents such as hydrazine, dimethylformamide 
(DMF), hydrochloric acid (HCl) and ammonium chloride (NH4Cl) (Soffer, 1989).  
This method is explored based on the justification in enhancing the uniformity of pore 
system.  Schindler and Maier performed an investigation on chemical treatment by 
treating acrylic precursors with aqueous hydrazine solution (Schindler and Maier, 
1990).  It was found that the chemical treatment improved the dimensional stability of 
membranes for the high temperature pyrolysis.  Alternatively, chemical treatment can 
be also employed by using catalysts such as mineral acids and acidic salts such as 
diammonium hydrogen phosphates before carbonization.  However, there is a major 
drawback of this pretreatment, which is the occurrence of pitting attributable to 
locally catalyzed oxidation on the surface by the non-uniformity of catalyst 
distribution throughout the fibers (Soffer et al., 1995).  Since the selectivity depends 
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strongly on the uniformity of pores, the chemical treatment involving gaseous catalyst 
such as hydrogen chloride (HCl) or ammonium chloride (NH4Cl) in a stream of inert 
gas was carried put to ensure the catalysts distribute uniformly throughout the fiber 
bundle (Linkov et al., 1994).  This method is advantageous to induce homogeneous 
carbonization at both shell and bore sides of fibers, thereby avoids hot spots formation.  
Nevertheless, water-soluble catalyst may cause local dissolution of fiber surface and 
cementation of adjacent fibers.  Hence, the water has to be completely removed 
before exposing the fibers to gaseous catalyst to avoid undesired properties on 
resultant carbon membranes, for instance, the fracture of cemented fibers and local 
pitting (Soffer et al., 1995).   
 
 In view of the fact that pretreatment has significant effects in modifying and 
optimizing the separation properties of resultant carbon membranes, two novel 
approaches have been developed in this research study.  The chemical pretreatments 
are performed by cross-linking and non-solvent modification, and their effect on the 




Polymeric precursors transformed into carbon membranes with various 
degrees of porosity and pore structure after pyrolysis.  The separation properties of 
carbon membranes can be controlled by varying the pyrolysis conditions.   On the 
other hand, pore dimension and distribution in a carbon membrane can be finely 
adjusted by post-treatment to achieve particular separation objective (Liang et al., 
1999).  The importance of post-treatment is to repair the defects and cracks formed on 
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the carbon membranes after pyrolysis process.  Post-oxidation, chemical vapor 
deposition (CVD), post-pyrolysis and coating are the four reported post-treatments for 
carbon membrane production. 
 
 Post-oxidation and activation is extensively used for post-treating the carbon 
membranes to alter the pore structures.  In contrast to the pre-oxidation technique, 
oxidation after carbonization increased the average pore size of carbon membranes 
(Soffer et al., 1989; Schindler and Maier, 1990).  Hayashi et al. suggested that the 
post-oxidation is an approach in broadening the pores size distribution.  Meanwhile, 
oxidation of pore wall could enhance the adsorption of polar molecules and hence the 
permeation rates.  This mechanism predicted that the permeation rate of polar 
permeates increases, and oxidized carbon membrane is more stable at high 
temperature (Hayashi et al., 1997a).   Similar results were observed by Kusakabe and 
coworkers (Kusakabe et al., 1998).  According to their study, oxidation increased the 
permeances without sacrificing the selectivity of carbon membranes. This is in accord 
with the fact that the oxidation significantly increased the micropore volume without 
broadening the pore size distribution.   
 
 Chemical vapor deposition, a method for final adjustment of pore structures, 
can effectively enhance the selectivity of carbon materials through the introduction of 
organic species into pore system. (Cabrera et al., 1993; Hayashi et al., 1995; Soffer et 
al., 1997).  Organic molecules such as ethane, propane, ethylene, benzene and other 
hydrocarbons are usually utilized for this purpose (Soffer et al., 1987).  Organic 
species for cracking and pyrolysis conditions need to be carefully chosen to produce 
sufficient and selective deposition of carbon at pore apertures.  Verma and Walker 
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have selected propylene as an organic source in treating pyrolytic carbon due to its 
low heat of cracking and it can be easily handle under ambient temperature.  On the 
other hand, Hayashi and coworkers had also successfully controlled the pore openings 
and increased the selectivity of carbon membranes by the chemical vapor deposition 
of propylene (Hayashi et al., 1997b).   
 
  Post-pyrolysis after primary carbonization process further decreases the pore 
size of carbon membranes.  Since the primary pyrolysis step at high temperature can 
sufficiently produce small pores through the shrinkage of carbon structures, post-
pyrolysis is rarely used.  Nonetheless, it is customarily performed after post-oxidation 
to recover the pores from an excessive pore enlargement.  The post-oxidation and 
post-pyrolysis are usually repeated for several time until a carbon membrane with 
desire porosity and pores size distribution is obtained.  Koresh and Soffer proposed 
the first modification methods on CMSMs with the alteration of pores opening by 
oxidation and sintering (Koresh and Soffer, 1980).  The process of sintering (post-
pyrolysis) was found to decrease the pore volume and its effect is more readily on the 
smaller pores.  Koresh and Soffer showed that the permeability of CMSMs increased 
for the oxidized membranes, whereas lower permeability was observed for sintered 
membranes.  Subsequently, Menendez and Fuertes carried out the post-treatment to 
recover an aged carbon membrane.  The effect of post-pyrolysis was only sufficient to 
partially restore the original permeation properties after heat treatment under the 
vacuum environment.   
 
 Lastly, coating is also a common alternative method used for post-treating 
carbon membranes.  The function of coating is to repair the surface defects on carbon 
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membranes.  Petersen and coworkers treated the carbon membranes by coating a thin 
layer of polydimethylsiloxane (PDMS) to eliminate the surface defects and increase 
gas selectivity. This is alike to the surface coating methods used for polymeric hollow 
fibers, which have been previously discussed in Chapter 2.  Liang and coworkers 
prepared the carbon-carbon composite membranes with coating method followed by 
recarbonization at 700 °C for 1 hr.  The selectivity was enhanced with a reduction in 
permeability.  The coating solution used in their investigation was an alcohol solution 
of 60% B rank phenolformaldehyde resin (PFR) and dispersant.  Before that, Jones 
and Koros had coated the carbon membranes to solve the humidity problem 
encountered by carbon materials (Jones and Koros, 1995a; 1995b).  Carbon surfaces 
are generally hydrophobic, but microporous walls of carbonized membrane are 
partially covered with oxygen-containing functional groups, thus giving the 
membrane a hydrophilic character.  Micropores were gradually plugged with water at 
room temperature and that the permeance to nonpolar gases decreased.  Jones and 
Koros improved the properties of the contaminated CMS membrane by coating the 
CMSM with water-resistant/hydrophobic polymers, poly(4-methyl-1-pentene) (PMP) 
and DuPont’s Teflon AF 1600 and AF 2400.  This coating step provided a successful 
protection barrier to water vapor and other hydrocarbon impurities without 
significantly diminishing the separation capability of carbon membranes.   
 
3.2.4 Configurations of Carbon Membranes 
 
 Carbon membrane modules are identical to polymeric membrane modules, 
which are also regularly based on both flat and hollow fiber configurations. Basically, 
carbon membranes have been classified into two main categories, unsupported and 
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supported carbon membranes.  As shown in Figure 3.3, unsupported CMS membranes 
are consisted of three configurations, which are flat (film), hollow fiber and capillary. 
On the other hand, the supported membranes only contain flat and tube configurations 
(Fuertes et al., 1999; Ismail and David, 2001).  Each geometry has its own specific 






    
 
         Unsupported            Supported 
 
 
     Flat         Hollow fiber       Capillary       Flat   Tube 
 
Figure 3.3 Configurations of carbon membranes. (Ismail and David, 2001) 
 
 Essentially, flat carbon membranes are the simplest and easiest geometry to be 
fabricated.  Hatori et al. reported that the carbon molecular sieve films need to be as 
thin as possible to enhance the separation efficiency (Hatori et al., 1992).  However 
carbon flat films are brittle and possess very poor mechanical strength.  In order to 
produce large continuous crack-free membranes, carbon membranes are usually 
supported on macrocopous substrates (Bird and Trimm, 1983), also for handling 
convenience.   
 
 Apart from thin supported films, carbon membranes can also be prepared on 
tubular support.  The most frequently used method for the production of carbon 
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membranes supported on tube is coating of a porous tube with a carbon precursor, 
followed by subsequent pyrolysis.  The porous support media for carbon membranes 
preparation are including alumina, carbon, ceramic, novolak resin and stainless steel 
macroporous support tubes (Hayashi et al., 1995; Katsaros et al., 1997; Fuertes, 2000; 
Shiflett and Foley, 2000).  Coating methods such as dip coating, brush coating, spray 
coating, the ultrasonic deposition of polymer resin and vapor deposition 
polymerization are commonly employed to fabricate supported carbon tubular 
membranes (Hayashi et al., 1995; Shiflett and Foley, 2000; Wang et al., 2000a, Ismail 
and David, 2001).  Both coated disks and tubes sometime require multiple coatings, 
with purposes to effectively eliminate defects and reduce pore size aspire to achieve 
desired separation performance (Rao and Sircar, 1993a; 1993b; 1996; Hayashi et al., 
1995; 1997a; 1997b).   
 
 Carbon capillary and hollow fiber membranes are the two unsupported carbon 
membranes that received extensive research interest due to their higher surface area 
than flat sheet membranes.  Haraya and coworkers have reported a novel preparation 
of   asymmetric capillary CMSMs from Kapton polyimide membranes (Haraya et al., 
1995).  Capillary membranes need to have controlled asymmetric structure, consisting 
of a dense surface layer with molecular sieving properties and a porous supporting 
layer in order to attain both high permeability and permeance.  Koresh and Soffer 
published the earliest paper for the fabrication of carbon hollow fiber membranes 
(Koresh and Soffer, 1983).  Subsequently, many of the researchers also focused on the 
investigation of carbon hollow fibers as this type of membranes was observed for 
their high potential in industrial gas separation applications (Jones and Koros, 1994; 
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Linkov et al., 1994; Geiszler and Koros, 1996; Kusuki et al., 1997; Okamoto et a,l, 
1999; Tanihara et al., 1999, Chen and Harrison, 2002; Barbosa-Coutinho et al., 2003). 
  
 Summarily, most of the carbon membranes produced during 1980 until 1990 
were based on flat disk or flat sheet membranes.  Researchers then switched their 
focus of research on carbon membranes supported on tube, followed by carbon 
capillary and hollow fiber membranes after 1990.  It is because flat sheet membranes 
are only suitable for laboratory or research purpose, whereas the capillary and hollow 
fiber membranes are more practical for industrial application due to their high surface 
area per unit volume of membrane module.   
 
3.3 MICROSTRUCTURE OF CARBON MEMBARNES 
 
 Aromatic microdomains or amorphous carbon are the fundamental building 
blocks of carbon molecular sieve materials, which has been brought up earlier on.  
The misalignment of aromatic microdomains during carbonization results in the 
formation of void spaces in carbon matrix.  The microporosity of carbon membranes 
is attributed by these void spaces arise from a natural consequence of structural 
disclination (Jenkins and Kawamura, 1976).  Turbostratic structure is used to describe 
the structure that mimics graphite-like layers in carbon domain.  This turbostatic 
carbon has trigonal sp2 bonding, but does not have the three-dimensional order of 
graphite, as seen in Figure 3.4.  The amorphous carbon presents other structures in the 





Figure 3.4 Structure of turbostratic carbon. (Acharya et al., 1999)  
 
 The chaotic structure of carbon material is viewed as a distribution of carbon 
in graphitic and amorphous microdomains. Again, the chemical composition and 
thermal history of carbon precursors, pyrolysis conditions, as well as pre/post-
treatment are the factors that determine the population formed in carbon matrix.  
During pyrolysis, the polymer chains cross-linked at low temperature (at temperature 
above Tg, but below degradation temperature).  The pyrolysis pathway and degree of 
cross-linking in the resultant chars is governed by the chemical composition and 
structure of polymeric precursors.  The degree of cross-linking in the chars is 
important in controlling the extent to which the non-uniform or amorphous carbon 
will convert to aromatic microdomains at higher temperatures.  The cross-linking of 
polymer chains during pyrolysis prevents the formation of large graphite-like crystals 
but induces formation of disordered structures (Fuertes and Centeno, 1999).  It is 
because the cross-linked structures are strong and stable bonds, which kinetically 
frozen to prevent structural transformation mediated by carbon atoms movement.  
Once the pathway to graphite is blocked, the microdomains unable to be converted to 
graphitic carbon even at high temperatures.   
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The global microstructures of CMSMs are complex.  Conceptually, 
chaotically arranged graphitic microdomains are embedded in non-graphitic or 
amorphous carbon.  As a result, the pores are disorder in carbon matrix with varying 
pore sizes.  Pore size distribution is commonly used to represent a mean value of 
miropore distribution.  Moreover, the pore geometry of real structure is also complex, 
it is always practical to assume a more simplified geometry with ideally slit-shape in 
most cases.  Concisely, the carbon molecular sieving material is highly porous 
material and possesses nonhomogeneous pore system, comprising relatively wide 
openings with a few constrictions (Koresh and Soffer, 1980).  CMSM is believed to 
consist of smaller selective pores interconnected by larger cativities. The larger 
micropores (6-20 Å) are responsible for the diffusion of gas molecules that allows for 
high productivity, while the ultramicropores perform the molecular sieving process 
(Centeno and Fuertes, 1999; Ghosal and Koros, 2000).  This constricted, 
ultramicroporous pores openings having dimension similar to the molecular sizes of 
gas molecules (3-6 Å).  An idealized microporous structure of CMSM is shown in 
Figure 3.5. Consequently, the porous nature of carbon molecular sieves provides an 
explanation for high gas permeability, yet their molecular sieving morphology permits 




Figure 3.5 Idealized structure of a pore in a carbon material. (Steel, 2000) 
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3.4 MECHANISMS OF GAS TRANSPORT IN CARBON MEMBRAENS 
 
Understanding of gas transport mechanisms via carbon material is a requisite 
prior to the implementation of carbon membranes for gas separation.  Fundamentally, 
there are four transport mechanisms involved in the gas permeation through a 
microporous carbon membrane: Knudsen diffusion, partial condensation/capillary 
condensation, selective adsorption/surface diffusion of gas molecules and molecular 
sieving/activated transport through the selective pore openings (Bhandarkar et al., 
1992; Rao and Sircar, 1993; Ismail and David, 2001; Gilron and Soffer, 2002).  The 
gas transport through carbon membranes is ascribed utterly by the pore system in 
carbon matrix.   The pore system consists of relatively wide openings (micropores) 
with narrow constrictions (ultramicropores).  The micropores provide sites for 
adsorption and determine the adsorption capacity, while the ultramicropores are 
accountable for both the stereoselectivity and kinetic of pore penetration by gas 
penetrants (Koresh and Soffer, 1987).  Therefore, different mechanisms will take 
place for pores transport, depending on the pore sizes in a carbon material.   
 
Knudsen diffusion in carbon membranes is identical to that in polymeric 
membranes, which has been described in Chapter 1.  The separation is achieved based 
on the differences in the molecular weights of gas components in a mixture.  Knudsen 
diffusion habitually occurs in the large pores when the Knudsen number (ratio of 
mean free path to pore diameter) is much greater than unity (Gilron and Soffer, 2002). 
The mean free path of a gas, a function of gas molecule sizes, pressure and 
temperature is modeled using the following equation from early kinetic theory (Bird 








κλ π=                  (3.1) 
 
where κ is the Boltzmann constant, T is temperature, gasd is the diameter of gas 
molecule and p is the pressure.  The selectivity of a Knudsen diffusion mechanism is 
given by equation 1.2.  Accordingly, the selectivity attained by Knudsen diffusion is 
certainly very low and it yields impractical carbon membranes for gas separation.   
 
 Partial condensation is a transport mechanism where some components of a 
gas mixture, specifically the condensable gas condense into the pores of a membrane 
with exclusion of others, which are non-condensable gas. Once the pores are filled, 
the condensed molecules will then diffuse across the pores to low pressure 
downstream side.  Partial condensation customarily takes place in the mesopores with 
diameter > 30 Å (Rao, M.B. and S. Sircar, 1993a).  A very high selectivity can be 
achieved for the condensable component with relative to the non-condensable 
component through this transport mechanism.  The extent of the removal of 
condensable component or selective performance is limited by condensates’ vapor 
pressure at process operating temperature (which is dictated by the Kelvin equation), 
as well as the pore size and geometry of pores (Sakata and Yamamoto, 1986). 
 
 In addition, an activated transport mechanism, selective adsorption/surface 
diffusion will take place in the micropores of carbon materials.  This transport 
mechanism involves selective adsorption of more strongly adsorbed component in a 
gas mixture on the pores surface followed by subsequent surface diffusion of the 
adsorbed molecules across the pores.  The micropore size of adsorption-selective 
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carbon membranes is slightly wider than the pore size of CMSMs in the order of 5-7 
Å (Shiflett and Foley, 200).  By selective adsorption/surface diffusion mechanism, 
adsorbable gases, such as NH3, SO2 and H2S can be separated effectively from non-
adsorbable or weakly adsorbable gases, such as O2, N2, and CH4.  The separation 
efficiency can be altered and enhanced by the appropriate molecular engineering of 
pore surface chemistry as the separation performance is directly influenced by the 
pore size and physicochemical nature of pore surface.  
  
When the pores size of membranes becomes sufficiently small relative to the 
size of diffusing molecules, molecules require activation energy to pass through the 
constrictions, and molecules with only slight differences in size can efficiently 
separate through molecular sieving (Jones and Koros, 1994).   In brief, molecular 
sieving is an activated process that is dominant for the smallest pores in the same 
order of magnitude as the molecular size of gas penetrants (2.5 to 5.5 Å).  It is a 
predominant transport mechanism for most carbon membranes with tailored 
ultramiropores.  Precise discrimination between the sizes and shapes of gas molecules 
can be achieved through molecular sieving effect.  Small constriction in the pores 
channel allows smaller molecules to diffuse though while partially or completely 
obstructing the passage of larger molecules.  The highest selectivity is frequently 
achieved through the molecular sieving mechanism after fine controlling the pore size 
(2.5 to 5.5 Å) during production of carbon membranes.   
 
In summary, the gas separation performance of microporous materials is 
intimately associated with the dimension and geometry of pores, internal surface area 
and surface properties of membranes.  The carbon membranes require very fine 
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control of pores size and surface properties of pores to optimize the uptake and 
selectivity of gas separation.   
 
 
 Today, carbon molecular sieve membranes had observed the high prospective 
for gas separation applications due to their superior gas transport properties.  Carbon 
membrane separation processes have made their appearance in the production of low 
cost and high purity nitrogen from air.  It also has been used for separation of 
hydrogen from gasification gas, purification of methane, recovering gas hydrogen 
from a waste gas and separation of olefin/paraffin (Damle et al., 1994).  Due to their 
excellent separation properties, carbon membranes are suitable for high pressure and 
temperature applications without encountering the plasticization phenomenon and 
degradation of membrane as in the case of polymeric membranes.  Though the carbon 
membranes are a relatively new separation tool, their utilization for gas separation has 
received high attention and rapidly expanded for multitude of applications, both in 











The experimental work involved in this research study consisted of three parts.  
The work scopes of this study are listed as follows: 
1. Preparation of high-performance polymeric membranes by chemical cross-linking 
modification for gas separation. 
2. Fabrication and characterization of carbon membranes derived from polyimides 
for CO2/CH4 separation.   
3. Development of pretreatment approaches in enhancing the separation properties of 
carbon membranes. 
4. Development of membrane material, namely carbon-zeolite composite membranes 
for gas separation.  
 
Details of the above experiments will be individually reported in the following 
chapters.  This chapter describes the materials that involved in this study, the 
membrane preparation techniques and the material characterization methods.  The 
motivation of above experiment work may not be clear at this stage, but will be 








Polyimides have been chosen as the precursor materials to prepare both 
polymeric and carbon membranes for gas separation.  It is because polyimides are 
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recognized with advantages of high Tg, good processibility, excellent mechanical 
stability and thermal resistance.  The most important is that polyimides exhibit the 
superior separation properties.  Nonetheless, most of the polyimides synthesized in 
the laboratory are relatively expensive, thus this research study was only focused on 
commercially available polyimides.  
  
 Two commercially available polyimides were used as the raw materials in this 
study, namely Matrimid® 5218 (BTDA-DAPI, 3,3’4,4’-benzophenone 
tetracarboxylic dianhydride and diamino-phenylindane) and P84 (BTDA-TDI/MDI, 
copolyimide of 3,3’4,4’-benzophenone tetracarboxylic dianhydride and 80% 
methylphenylene-diamine + 20% methylene dianiline).  Table 4.1 shows the chemical 
structures, glass transition temperatures, and densities for these two materials.  
 
Table 4.1 Chemical structures and properties of Matrimid® 5218 and P84 









































 The Matrimid® 5218 powder used in this study was purchased from Ciba 
Specialty Chemicals Corporation, while the P84 powder was obtained from HP 
Polymer Inc., A-4860 Lenzing (Australia). The polymers were dried overnight at 120 
°C under vacuum prior to be used.  Dichloromethane and N,N-Dimethylformamide 
(DMF) were the solvents for Matrimid® 5218 and P84, respectively, for dense 
membrane preparation.   
 
 
4.1.2 Molecular Sieves 
 
 
 The molecular sieves involved in preparation of composite membranes were 
various zeolites with special crystal structure, pore size and polarity.  The zeolites 
used in this investigation were Zeolite KY and silicalite-1 obtained from UOP LLC, 
USA, commercially available zeolite 4A purchased from Aldrich Chemical Company, 
Inc.(USA), and nano-sized zeolite beta synthesized in our laboratory. The zeolites 
were dehydrated at temperatures ranging from 250 oC to 350 oC under vacuum for 2 
hours prior to be used. The solvent of N-methyl-pyrrolidinone (NMP) was dehydrated 
through activated zeolite 4A beads supplied by Aldrich followed by filtration through 
a 0.2 µm filter.  The physical properties of zeolites are summarized in Table 4.2. 
 
Table 4.2 Main Characteristics of Zeolites 
 
Zeolite Structure Pore Size (Å) Si/Al Ratio Cation 
ρcrystal 
(g/cm3) 
4A LTA 3.8 1 Na+ 1.52 
Silicalite-1 MFI 5.4 500 - 1.76 
Βeta BEA 7.4 7 Na+ 1.83 
KY FAU 7.4 2.6 K+ 1.52 
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4.2 PREPARATION OF POLYMERIC MEMBRANES 
4.2.1. Polymeric Dense Film Formation  
 
 A solution was prepared by dissolving 2 wt % of the polymer powder in 
solvent.  The solution was then been filtered with 1 µm filters (Whatman) and cast 
onto a wafer plate.  The casting process for Matrimid was carried out at room 
temperature.  For P84, the film was cast in an oven at 55 ºC due to the high boiling 
point of DMF (153oC).  The polymer films were formed after most of the solvent had 
evaporated slowly.  The nascent films were dried in vacuum at 250 °C for 48 h to 
remove the residual solvents. Finally, the membrane films with a thickness of about 
50 µm were ready for modification, characterizations and permeation testing. 
 
4.2.2 Chemical Cross-linking Modification 
 
A 10% (w/v) of cross-linking reagent comprising p-xylenediamine in 
methanol was prepared.  Figure 4.1 shows the chemical structure of p-xylenediamine.  
The membrane modification was performed by immersing the membrane films into 
the cross-linking reagent for a stipulated period of time at ambient temperature. The 
films were washed with fresh methanol immediately after taking out from the reagent 
solution to wash away the residual solution on films, followed by drying naturally at 





Figure 4.1 Chemical structure of p-xylenediamine. 
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4.3 FABRICATION OF CARBON MEMBRANES 
4.3.1 Polymeric Dense Film Formation  
 
 Polymer precursors were first prepared as dense films before pyrolysis.  A 
solution was prepared by dissolving 2 wt % of the polymer powder in solvent.  The 
solution was then been filtered with 1 µm filters (Whatman) and cast onto a wafer 
plate.  The casting process for Matrimid was carried out at room temperature.  For P84, 
the film was cast in an oven at 55 ºC due to the high boiling point of DMF (153oC).  
The polymer films were formed after most of the solvent had evaporated slowly.  The 
nascent films were dried in vacuum at 250 °C for 48 h to remove the residual solvents. 
Finally, the membrane films with a thickness of about 50-60 µm were ready for 
pretreatment, pyrolysis and testing. 
 
4.3.2 Pretreatment 
4.3.2.1 Chemical Cross-linking Modification 
 
A 10% (w/v) of cross-linking reagent comprising of p-xylenediamine in 
methanol was prepared.  The membrane modification was performed by immersing 
the membrane films into the cross-linking reagent for a stipulated period of time at 
ambient temperature. The films were washed with fresh methanol immediately after 
taking out from the reagent solution to wash away the residual solution on films, 
followed by drying naturally at room temperature. After 24 hr drying in atmosphere, 
the cross-linked polyimide precursors were subjected to pyrolysis process to produce 
carbon membranes derived from cross-linked precursors.  The nomenclature of 
resultant carbon membranes is given in the form: 
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<CM–Polyimide–Cross-linking (xl) duration–Pyrolysis Temperature>. 
 
4.3.2.2 Nonsolvent Pretreatment  
 
The polymeric membranes were subjected to an extremely simple pretreatment 
before pyrolysis.  The swelling agents used in this investigation are methanol 
(MeOH), ethanol (EtOH), 1-propanol (PpOH) and 1-butanol (BtOH); they are 
nonsolvents for these two polyimides.  However, butanol pretreatment was only 
conducted for Matrimid polyimide as it showed no significant effect in modifying P84 
precursors.  This may be due to that P84 precursor is more tightly packed (with 
smaller value of d-space and fractional free volume) and having larger ∆δsp with 
butanol as compared to Matrimid precursor.  The pretreatment was performed by 
immersing the membrane films into the nonsolvent for 1 day at room temperature, 
followed by drying naturally for 24hr at room temperature before the carbonization 
process. The swelling of polyimides by these nonsolvents was confirmed by the 
weight gained of films after the nonsolvent treatment.  The nomenclature of resultant 
carbon membranes is given in the form <CM-Polyimide- Pretreated Nonsolvent-
Pyrolysis Temperature>.  
 
4.3.3 Pyrolysis Process 
 
The pyrolysis was performed using a Centurion™ Neytech Qex vacuum 
furnace, where the polymer precursors were placed on wire meshes and carbonized 
under vacuum.  The function of the wire meshes is to create balanced heat and 
vacuum environments surrounding the polymer precursors during pyrolysis.  The 
 95
reasonable low vacuum level of ca. 15 mmHg was controlled during pyrolysis to 
lessen the energy consumption and production cost.  Three pyrolysis temperatures 
(550 °C, 650 °C and 800 °C) were involved in the preparation of carbon membranes 
for this study.  In general, the final pyrolysis temperature was reached in several steps: 
the polymer films were heated to 250 ºC from room temperature at a rate of 13 
ºC/min, subsequently the temperature was raised to 500 ºC, 600 ºC and 750 ºC with a 
heating rate from 2.5 to 3.8 ºC/min and then the final temperature was reached at a 
rate of 0.2 ºC/min.  The final temperature was held for 2 hr.  After completing the 
heating cycle, membranes were furnace cooled slowly in vacuum to room 




Figure 4.2 Steps involved in pyrolysis process at final temperature of (a) 550 °C, (b) 

























































4.4 FABRICATION OF CARBON-ZEOLITE COMPOSITE MEMBRANES  
4.4.1 Preparation of Polymer-zeolite Mixed Matrix Membranes (MMMs) 
 
The dope composition for the membrane was 20 wt% of Matrimid in NMP at 
20 wt % of zeolite loading in polymer. The mixed matrix membranes were formed by 
using a casting knife. Most of the conditions for polymer solution preparation and 
membrane fabrication were in accordance with other reports (Rojey at al, 1990; 
Mahajan, 2000).  Firstly, the molecular sieve media, zeolites were dispersed in the 
solvent of N-methyl-pyrrolidinone (NMP).  After two hours, Matrimid® 5218 was 
added to the mixture, and the solution was stirred for overnight to ensure the 
complete homogeneity of dope solution. There were two exceptions involved: (1) The 
zeolite/NMP mixture was vacuum degassed for 1 hour before the polymer addition; 
the polymer solution was degassed in vacuum for 4 hours prior to film casting, and (2) 
after the membrane was formed in oven and hold at 190 or 200 °C for 12 hours, the 
oven temperature was increased to 330 °C at 0.6 oC/min.   Lastly, the membrane was 
annealed for 45 minutes to remove residual solvents.   Finally, the homogeneous 
mixed matrix membrane films with a thickness of about 50 µm were ready for 
characterization and pyrolysis. The nomenclature of resultant MMMs is given in the 
form <Polymide-Zeolite-MMM>. 
 
4.4.2 Pyrolysis Process 
 
The pyrolysis was performed using a Centurion™ Neytech Qex vacuum 
furnace, where the mixed matrix precursors were placed on wire meshes and 
carbonized under vacuum.  The function of the wire meshes is to create balanced heat 
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and vacuum environments surrounding the polymer precursors during pyrolysis.  
Pyrolysis temperatures used in this experimental work was 800 °C.  In general, the 
final pyrolysis temperature was reached in several steps: the polymer films were 
heated to 250 ºC from room temperature at a rate of 13 ºC/min, subsequently the 
temperature was raised to 750 ºC with a heating rate from 2.5 to 3.8 ºC/min and then 
the final temperature was reached at a rate of 0.2 ºC/min.  The final temperature was 
held at this temperature for 2 hr.  The detailed pyrolysis protocol for 800 ºC is 
illustrated in Figure 4.2(c). After completing the heating cycle, membranes were 
furnace cooled slowly in vacuum to room temperature.  The nomenclature of resultant 
carbon-zeolite composite membranes is given in the form <Carbon-Zeolite-CM>.  
 
4.5 CHARACTERIZATION OF PHYSICAL PROPERTIES  
4.5.1 Measurement of Gel Content 
 
The gel content of modified films was measured by extracting the cross-linked 
films with dichloromethane for 24 h.  Next, the insoluble fraction was dried in 
vacuum oven at 150 °C for 24 h to a constant weight.  The weights of polymer films 
before and after extraction were measured. Therefore, the gel content was calculated 
by 




= ×                 (4.1) 
 
where W1 and W0 are the insoluble fraction weight and original weight of cross-linked 
polymer films, respectively.   
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4.5.2 Fourier Transform Infrared Spectrometer (FTIR) 
 
The chemical bondings in the polymers and chemical structure changes during cross-
linking modification were determined from the Fourier Transform Infrared 
Spectrometer. The FTIR measurements were performed using an attenuated total 
reflection mode (FTIR-ATR) with a Perkin-Elmer Spectrum 2000 FTIR spectrometer.  
 
4.5.3 Differential Scanning Calorimetry (DSC) 
 
The glass transition temperature (Tg) was measured by a Mettler Toledo 
Differential Scanning Calorimetry (DSC) model DSC822.  The heating and cooling 
rates were 10 °C/min.  The measurements were conducted in a dry nitrogen 
environment with a flow rate of 20 ml/min.  The sample was first heated to 400 °C 
and held for 2 min before cooling to room temperatures. These steps were repeated 
once. The Tg of polymer was determined from the midpoint of the baseline-shift 
region.  In order to obtain the accurate data, the Tg value was identified from the first 
DSC run for all nonsolvent pretreated films, as the vaporization of nonsolvent 
occurred during the heating of first run. Whereas, the second run was adopted for 
untreated films in the determination of Tg.  The Tg for each sample was estimated 
from the average value of two specimens.  
 
4.5.4 Modulated Differential Scanning Calorimetry (MDSC) 
 
Modulated differential scanning calorimetry (MDSC) measurements were 
performed on the modified MDSC 1920 from TA Instruments to allow the operation 
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of MDSC mode.  In MDSC, the temperature programme consists of an underlying 
trend that is modulated by a small perturbation. Besides the usual calorimetric 
information obtainable with conventional DSC, MDSC has supplementary benefit in 
coping with changes in physical form, especially in studying the irreversible 
phenomena (Reading et al., 1994; Schawe, 1996).  The measurements were carried 
out with a heating rate of 3 °C/min through a modulation with a period of 40 s at 
amplitude of 0.5 °C controlled at the reference.   
 
4.5.5 Dynamic Mechanical Analysis (DMA) 
 
Dynamic mechanical analysis (DMA) was accomplished with Dynamic 
Mechanical Analyzer model DMA 2980 from TA Instruments.  The polymeric 
membrane samples were heated from room temperature to 350 °C at a heating rate of 
3 °C/min and frequency of 1 Hz with the force of 0.02N and autotension of 125 %.  
At least two tests were conducted for each sample.  
 
4.5.6 Thermomechanical Analysis (TMA) 
 
Thermomechanical analysis and the coefficient of thermal expansion (CTE) of 
polymeric membranes were measured using Thermomechanical Analyzer, model 
TMA 2940.  The sample was heated from room temperature to 350 °C at a heating 
rate of 5 °C/min and a force of 0.05 N.  The dimensional change of polymeric 
membrane was observed as a function of time.  CTE value of the membranes was 
obtained over a temperature range of 75-150 °C.  At least three tests were conducted 
for each sample. 
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4.5.7 Elemental Analysis 
 
The elemental analysis was performed with a Perkin-Elmer 2400 Series II 
CHNS/O Analyzer.  This technique determined the presence of elements such as 
carbon, hydrogen and nitrogen in a substance.  The results obtained are the percentage 
amounts of these atoms against the total weight.  The substance was combusted under 
an oxygen stream in a furnace at high temperatures (950 °C).  The end product of 
combustion would be mostly the oxides of concerned elements in the form of gases, 
such as CO2, H2O and N2. These gases are then separated and carried to a detector 
using inert gas like helium or argon and the composition was measured as a function 
of thermal conductivity. 
 
4.5.8 Measurement of Density 
 
The density of membrane sample was measured by a top-loading electronic 
Mettler Toledo balance coupled with density kit based on the Archemedes’ principle.  
The samples were first weighed in air and again in a known-density liquid, which was 
high purity ethanol (99.9%) in this study.  The measurement was carried out at room 







ρ ρ= −                 (4.2) 





4.5.9 Thermogravimetric Analysis (TGA) 
 
The weight loss of carbon membranes during pyrolysis was characterized by 
thermogravimetric analysis (TGA) with a TGA 2050 Themogravimetric Analyzer (TA 
Instruments). The analysis was carried out with a ramp of 10 °C/min in the 
temperature range from 50 to 900 °C.  The purge gas was N2 and its flow rate was 




The weight loss of carbon membranes during pyrolysis was characterized by 
thermogravimetric analysis (TGA) with a TGA 2050 Themogravimetric Analyzer 
(TA Instruments). The analysis was carried out with a ramp of 10 °C/min at the 
temperature ranging from 50 to 900 °C.  The purge gas for balance was N2 and its 
flow rate was controlled at 50 ml/min. With the aid of N2 flow, the exhausted 
products from TGA were flushed through a transfer line to gas cell of a Bio-Rad FTS-
3500 FTIR spectrometer.  The temperatures of transfer line and gas cell were 
maintained at 150 °C to prevent condensation on the windows.  The exhausted 
products were analyzed in a gas cell and the IR spectra were obtained by a KBr beam 
splitter. With TGA-FTIR, the mass loss throughout the profiles and materials emitted 





4.5.11 Wide Angle X-ray Diffraction (WAXD) 
 
Wide-angle X-ray diffraction (WAXD) was performed to quantitatively 
measure the ordered dimensions and interchain spacing of carbon membranes with a 
Bruker X-ray diffractometer (Bruker D8 advanced diffractometer) at room 
temperature. The d-spacing values are interpreted as the average chain spacing.  The 
measurement was completed in a scan range of 2θ = 2.5 to 65.4° with a step 
increment of 0.02°.  Ni-filtered Cu Kα radiation with a wavelength of λ=1.5418Å was 
used in the experiments. The average d-spacing was determined based on the Bragg’s 
law.  
 2 sinn dλ ϑ=                   (4.3) 
where d is the dimension spacing, ϑ  is the diffraction angle, λ is the X-ray wavelength 
and n is an integral number (1, 2, 3…). 
 
4.5.12 Surface Area and Pore Size Analyzer 
 
Analysis of the CO2 adsorption isotherm in the carbon material was used to 
determine the micropore volume of the material.   These measurements were done by 
a Quantachrome Autosorb-1 Surface Area and Pore Size Analyzer.  About 50-100 mg 
of samples was used in the measurement and out-gassed at 300 °C for more than 24 hr 
before testing.  The CO2 adsorption tests were carried out at 0 °C in an ice water 
isothermal bath.  The pores are assumed to be slit-shaped pore geometry. Therefore, 
the results were analyzed based on the Horvath-Kawazoe (HK) Method.  This method 
enables the calculation of pore volume from the low relative pressure region of 
adsorption isotherm.   
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4.5.13 Positron Annihilation Lifetime Spectroscopy (PALS) 
 
Positron annihilation lifetime spectroscopy (PALS) measurements were made 
in dry nitrogen at room temperature using an automated EG&G Ortec fast-fast 
coincidence system.  The timing resolution of the system was 240 ps determined using 
the prompt curve from a 60Co source with the energy windows set to 22Na events.  
Carbon films approximately 15 µm thick were stacked to a total thickness of 1 mm on 
either side of the 30 µCi 22Na-Ti foil source.  Five spectra for each sample were 
collected with each spectrum taking 1 hour to collect, and the results are the mean 
values for these spectra.  The standard deviations reported are the population standard 
deviations for 5 spectra, and each spectrum consisted of approximately 1 million 
integrated counts.  The spectra were modeled as the sum of two decaying exponentials 
using the computer program PFPOSFIT.  No source correction was used in the 
analysis based on a fit for pure Al standards of 169±2 ps, 99.3±0.3%; 820 ps, 0.7%.   
 
4.5.14 Scanning Electron Microscope (SEM) 
 
 A Jeol JSM-5600LV electron microscope was employed to investigate surface 
and cross-section morphology of polymer-zeolite MMMs and carbon-zeolite 
composite membranes.  The cross-section samples for SEM study were fractured in 
liquid nitrogen.  All samples were sputter coated with gold of 200-300 Å in thickness 





4.6 CHARACTERIZATION OF GAS TRANSPORT PROPERTIES 
4.6.1 Constant Volume-Variable Pressure Method 
 
Most of the polymer/penetrant systems studied here involved physical 
diffusion, i.e., in the absence of any significant chemical reactions between the 
polymer and penetrant.  To measure this, one of the flow techniques was used in our 
laboratory. The pure gas permeability coefficients were measured by using a constant 
volume-variable pressure method.  Figure 4.3 illustrates the details of the gas 
permeation cell designed. The feed side of the cell comprised a controlling valve, a 
pressure gauge and a gas reservoir at a volume of 1000 cm3 to prevent or minimize 
any large fluctuations of gas pressure during the experiments. The experimental 
temperature could be controlled since the permeation cell was thermostated. The 
permeation cell was calibrated and the volumes of the downstream compartments 
were calculated as given in Appendix B. Calibration was also performed from time to 
time to ensure the accuracy of the data obtained. The permeation cell can be used to 
measure both the pure and mixed gas permeation in which measurement of the latter 
required the down stream compartment of the permeation cell to be connected to a gas 
chromatographic system. It was a direct connection from the downstream chamber to 
a gas reservoir from which the gas in the study was carried by the carrier gas (nitrogen) 
into the gas chromatography system. The composition of the mixed gas was 

















Figure 4.3 Schematic diagram of a gas permeation cell. 
 
The membrane of interest was mounted onto the gas permeation cell in such a 
way that it formed a barrier to the flow of the gas to-be-tested. The thickness of the 
membrane was measured using a digital film measurement tool and the thickness 
range of all samples measured was below 5 micron. The area of the membrane tested 
was about 2 cm in diameter. The highest pressure used at the permeate side is 10 atm. 
Both sides of the membrane were sealed with O-rings. We assumed that the gas 
permeation through these rings was negligible as compared to that via the membrane. 
After the membrane was mounted onto the cell, the permeation apparatus was 
evacuated for 24 hours until the pressure dropped below 0.02 mmHg. This step was to 
remove any residue gas or air trapped in the membrane so that the permeation of the 
gas to-be-tested would not be affected when it is introduced into the cell. The 
experiments were started by feeding in the gas-to-be-tested at the temperature and 



















US   = Upstream 
DS   = Downstream 
INT = Internal Downstream 
PG   = Pressure Gauge 
PT   = Pressure Transducer  
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pressure of interest. The upstream pressure was maintained constant as the gas 
permeated through the membrane and give rise to be downstream pressure that was 
then measured using a Baratron® (MKS instruments, Inc., USA) pressure transducer. 
This was recorded by a computer, which was attached to a data shuttle (Workbench 
PC for Windows-v5.01.04).  
 
4.6.2 Pure Gas Permeation Tests 
 
Pure gas permeabilities were determined by a constant volume method 
reported previously.  The permeabilities were obtained in the sequence of He, O2, N2, 
CH4 and CO2 for polymeric membranes and N2, CH4, CO2 and O2 for carbon 
membranes, respectively at 35 °C and 10 atm.  For plasticization study the 
permeability of CO2 gas was tested with variable upstream pressures from 3.5 atm to 
32 atm at a constant temperature of 35 °C.  The gas permeability P was determined 
from the rate of pressure increase (dp/dt) obtained when permeation reached steady 









× ⎛ ⎞= ⎜ ⎟×⎛ ⎞ ⎝ ⎠⎜ ⎟⎝ ⎠
          (4.4) 
 
Where P is the permeability of a membrane to a gas in Barrer (1 Barrer = 1 x 10-10 
cm3 (STP)-cm/cm2 sec cmHg), V the volume of the downstream chamber (cm3), A 
refers to the effective area of membrane (cm2), L is the thickness of membrane (cm), 
T the operating temperature (K), dp/dt the rate of pressure measured by pressure 
transducer in the downstream stream chamber (mmHg/s) and the pressure of feed gas 
in the upstream chamber is given by p2 in psia.   
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The experimental error in the permeability data was estimated to be between ± 
5 to 7% and this error would be smaller if the gas permeability was higher. The 
percentage error was estimated by comparing the data with the nominal values 
obtained from a reference membrane. The gas permeation test of the reference 
membrane was conducted each time before and after the testing of the polymeric and 
carbon membranes used in this study. The experiment on each piece of the membrane 
was repeated for three times. The volumes of the downstream compartments and the 
measured thickness of the membrane were likely to contribute most to the overall 
experimental error.  
 
The apparent diffusion coefficient, Dapp (cm2/s) was estimated from the time 
lag method (Daynes, 1920; Koros and Paul, 1978; Zimmerman et al., 1998) by using 
the following equation where θ  is the time lag.  The time lag method was used to 
calculate the diffusion coefficient for most of the gases tested. The diffusion 
coefficient for He is not reported in the thesis because there was no noticeable time 




LD θ=                   (4.5) 
 
The time lag is a measure of the period of transient transport that occurs before 
steady-state permeation is obtained; that is when the gas dissolves in the upstream 
membrane surface, diffuse across the membrane and desorbs from the downstream 
membrane surface to give rise to the increasing pressure in the downstream chamber. 
The time lag is obtained by extrapolating the line of the steady-state permeability plot 























The permeability P is the product of apparent diffusivity Dapp and solubility 
Sapp (Paul and Koros, 1976; Koros and Fleming, 1993; Pixtonand and Paul, 1994).  
Based on the diffusion-solution mechanism, the apparent solubility coefficient, Sapp 
(cm3(STP)/cm3(polymer)-cmHg) can be calculated from equation (4.6). The 





=                   (4.6) 
 
The separation efficiency of two pure gases, (A, B) may be evaluated from the 
ratio of their permeability that is known as the separation factor or ideal selectivity, 
/*A Bα . The diffusivity selectivity, /D A Bα and the solubility selectivity, /S A Bα  are 
given by the ratio of their respective diffusion and solution coefficients of the gas pair 


















α =                                         (4.8)                        
 







α =                                                                       (4.9) 
 
The overall selectivity, /*A Bα is the contribution of both the diffusivity 
selectivity and solubility selectivity (Koros et al., 1988, Pixtonand and Paul, 1994).                              







α ⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                                       (4.10)                        
 
4.6.3 Mixed Gas Permeation Tests 
 
For binary gas permeation measurements, the pure gas permeation cell was modified 
for the continuous flowing feed by connecting to a needle valve to control the 
upstream pressure as shown in Figure 4.5.  Besides, it is also equipped with a 
retentate channel to avoid the accumulation of feed at the upstream.  Then the 
receiving volume of the permeation cell was connected to a gas chromatograph (GC) 
by a valve (C6).  The mixed gas system, with combination of permeation cell and gas 
chromatograph allows straightforward determination of gas permeabilities, which is 
similar to the techniques used by O’Brien et al. (O’Brien et al., 1986).  The GC used 
was a Hewlett Packard (HP) 6890 Series GC completed with a HP 5973 Mass 
Selective Detector.  Before permeation testing, GC was calibrated by one set of 
Messer gas mixtures of CO2 and CH4 with known composition to obtain the GC peak 
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area as a function of gas mole fraction.  Following conditions were used for 
polymeric and carbon membranes permeation measurements: 
1. Matrimid dense membranes: A binary gas mixture containing 40% of CO2 in CH4 
was used as the feed gas and the measurements were conducted at 35 °C with the 
total pressures of 10 and 15 atm. 
2. Carbon membranes: A binary gas mixture containing 50% of CO2 in CH4 was 
used as the feed gas and the measurements were conducted at 35 °C with the total 
pressures of 20 atm.   
 
The sampling process was initiated by evacuating the line from the receiving 
volume (the lower chamber) to GC by vacuum pump (P1).  The compositions of the 
feed and permeate were analysed by the GC. When the permeation rate reached 
steady state, and pressure of gas collected in the downstream volume approaching 100 
torr, the valve C6 was opened to allow the permeate gas to expand into the line 
connecting to GC.  Then, the valve C6 is closed again in order to inject the permeate 
gas to GC for composition analysis.  The permeability was calculated with the 
consideration of non-ideal gas behaviour, described by Wang and coworkers (Wang et 
al., 2002c).  Similar to the pure gas permeability, the mixed gas steady state 
permeation rate were then determined by following equations: 



























































P are the permeability of a membrane to gas CO2 and CH4, 
respectively, p2 is the upstream feed gas pressure (psia), 
2CO
x is the CO2 molar 
fraction in the feed gas and 
2CO
y is the CO2 molar fraction in the permeate. The mole 
fraction
2CO
y was determined by batch sampling from the receiving volume.  
Subsequently, the separation factor of mixed gas is characterized by the ratio of 
downstream (y) and upstream (x) mole fraction of two components (CO2 and CH4) by 











α =                  (4.13) 
 
In the case of negligible downstream pressure, the separation factor ( /A Bα ) is equal to 
the ideal separation factor ( * /A Bα ) that measured the intrinsic selectivity of membrane 
material.  Therefore, the selectivity of the membrane for gas CO2 to gas CH4 is thus 
computed by the following equation which is equivalent to the ratio of their 



























































4.6.4 Pure Gas Sorption Tests 
 
The gas sorption isotherms for carbon membranes were obtained from pure gas 
sorption tests using a Cahn D200 microbalance sorption cell, which consists of one 
sample pan and one reference pan, illustrated in Figure 4.6. The gas was tested 
sequentially from N2, CH4, CO2 and O2 at 35 °C.  The microbalance was first calibrated 
with every individual gas as a function of pressure. Then approximately 100 mg of 
polymeric films were placed on the sample pan. The system was evacuated for 24 h prior 
to test. A chosen gas at a specific pressure was fed into the system and the CMSM sample 
started to sorb the gas until the equilibrium was reached. The testing pressure was 
increased subsequently from 0 to 17 atm (250 psi) without vacuum.  From the weight 
gained, the amount of gas dissolved in the CMSM was calculated after correction for 
buoyancy.   
 
 













The amount of gas dissolved was calculated from the weight difference of the 
polymer sample and the buoyancy shown in equation (4.15) where Wp and Wsp are the 
balance readings with and without polymer sample respectively (mg). The buoyancy 
could simply be calculated once the polymer volume and gas density at each pressure 
is known.  
 Gas dissolved =   + Buoyancyp spW W−             (4.15)
  
 
The gas dissolved was then converted to the amount of gas sorbed (C) at standard 
temperature and pressure (STP) per volume of polymer using the information of the 
gas molecular weight (MW) and polymer sample volume (Vp) as given in equation 
(4.16). C is given in cm3(STP)/cm3 polymer, the weight of gas dissolved is in mg, MW 
is given in g/mol and Vp is given in cm3. The sorption parameters shown in Chapter 
Two, equation (2.13), kD (cm3(STP)/cm3atm), 'HC  (cm
3 (STP)/cm3) and b (1/atm) 
were then obtained from the non-linear least square fitting method based on pressure 





×= ×               (4.16)            
 
The most likely source of error in determining C in equation 4.16 is the 
leakage of the sorption cell. The magnitude of error is estimated to be less than 10% 
based on the reproducibility of the experimental data. Each experiment was conducted 
three times. A reference polymer with a known C value was also tested before and 
after the testing of our polymers in the study in order to ensure the accuracy of the 





CHEMICAL CROSS-LINKING MODIFICATION OF POLYIMIDE 




Polymeric membrane separation has been recognized as an energy efficient 
and economical tool in solving many mass separation tasks.  An ideal membrane must 
possess the stipulations of durability and chemical resistance, economical, excellent 
productivity and separation efficiency, as well as good mechanical and thermal 
stability at operating conditions.  As a result, the instant challenge facing by current 
membranes separation technology is to achieve the high selectivity while retaining the 
productivity (permeability).  In addition, a superior membrane must be able to 
maintain its separation properties and durability in the complex and rigorous 
environment. Many extensive works were carried out in tailoring the chemical 
structures/composition to improve the separation properties of separation membranes.  
Among these, cross-linking modification and blending of molecular sieving domains 
in polymers, which is also known as “mixed-matrix” materials are the most 
comprehensive approaches (Ohya et al., 1996; Koros and Fleming, 1993; Stern, 1994; 
Koros and Mahajan, 2000).  
 
Plasticization is a major problem that always encountered by glassy polymers 
during gas separation, especially for the separation of CO2/CH4 (Bos et al., 1998a; 
1998b; Staudt-Bickel and Koros, 1999; Liu et al., 2001; Krol et al., 2001; Ismail and 
Lorna, 2002).  At low upstream pressure, the gas transport through glassy polymers is 
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well characterized by the dual-mode model, where the permeability decreases with 
increasing pressure.  However, when the pressure is further elevated, a higher 
permeability was observed. The pressure corresponding to the minimum permeability 
is known as the plasticization pressure where polymeric chains packing is disrupted 
by the penetrant molecules because of increase in segmental mobility and free volume 
(Wessling et al., 1991; Paul and Yampol’skii, 1994; Staudt-Bickel and Koros, 1999; 
Bos et al., 1999; Ismail and Lorna, 2002).  As a result, the separation ability of 
plasticized polymers diminished because of the failure in discriminating between the 
sizes of molecules.  
 
Experimental results suggested that the cross-linking modification is an 
effective method to develop next generation gas separation membranes for application 
in rigorous environments.  Due to the restriction of mobility and increase in packing 
density of polymer chains, cross-linked membranes may exhibit higher selectivity 
while maintaining productivity with appropriate tailoring (Wright and Paul, 1997; 
Ruaan et al., 1998; Dudley et al., 2001).  Additionally, the cross-linking modification 
stabilizes materials against plasticization (Saito et al., 1989; Staudt-Bickel and Koros, 
1999; Liu et al., 2001; Krol et al., 2001; Ismail and Lorna, 2002), promotes resistance 
to chemicals attack (Stern, 1994; Wright and Paul, 1997; Dudley et al., 2001; Ismail 
and Lorna, 2002) and reduces aging (Lee et al., 1992; McCaig and Paul, 1999).  The 
cross-linking modification can be conducted by diverse methods, such as thermal 
treatment (Hayes, 1991; Bos et al., 1998a; Dudley et al., 2001; Krol et al., 2001), 
surface modification by ion beam (Won et al., 2000), UV irradiation (Hayes, 1988; 
Kita et al., 1994; Matsui et al., 1997; Wright and Paul, 1997; Liu et al., 1999; McCaig 
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and Paul, 1999) and chemical reactions (Staudt-Bickel and Koros, 1999; Liu et al., 
2001).  
 
Photochemical cross-linking by UV irradiation and thermal cross-linking at 
elevated temperatures are the two well-established modification techniques in 
enhancing the polymers’ anti-plasticization properties.  Nevertheless, the difficulties 
of implementing both technologies effectively and economically in practice for 
hollow fiber membranes had limit their applications.  The photochemical cross-
linking usually results in relatively low degree of cross-linking, since this 
modification is restricted to the surface layer only.  Additionally, the photochemical 
cross-linking reaction is also susceptive to the experimental conditions, especially the 
irradiation time or/and type of mercury lamp.   
 
On the other hand, it is evident that the thermal degradation of polymer 
materials at high temperature is a major restriction of thermal cross-linking 
modification.  It is because significant cross-linking can only be achieved at a very 
high temperature (>300 ºC), thus an unavoidable damage/collapse of asymmetric 
membranes may create other problems and complexity in continuous manufacturing 
of polymeric membranes.  Envisioning the foregoing approaches, alternative practical 
cross-linking methods, especially at low temperature are vital to economically 
fabricate high-performance separation membranes and scale up the membranes 
production.  
 
Recently, an extremely simple cross-linking modification technology at 
ambient temperature has been developed by our group for fluoropolyimides (Liu et 
 118
al., 2001; Liu et al., 2003).   The cross-linking modification was performed by simply 
immersing membranes into a p-xylenediamine/methanol reagent solution for a 
specific duration at ambient temperature.  The purpose of this work is to investigate if 
the newly developed low-temperature cross-linking modification method can be 
applied to Matrimid® 5218 polyimide.  Matrimid® 5218 is chosen because it is one 
of the most popular commercially available polyimide materials studied for gas 
separation and for chemical modifications (Clausi and Koros, 2000; Bos et al., 1998a; 
2001; Wessling et al., 2001; Burns and Koros, 2003).  Matrimid is recognized with 
high Tg, good processibility and superior combination in selectivity and permeability.  
The influence of cross-linking process on the separation properties of membranes is 
monitored by FTIR, DSC, TMA and DMA.  The gas permeation properties of 
modified membranes and the suppression of plasticization by cross-linking 
modification were also examined.   
 
5.2 RESULTS AND DISCUSSION 
5.2.1 Characterization of Cross-Linked Matrimid Membranes 
 
The gel content of modified polyimide films was determined by using 
dichloromethane, a solvent for Matrimid® 5218.  The value measured for 14-day 
cross-linked film was about 87 %, indicating that the cross-linking reaction occurred 
slowly.  Compared this gel content to those of p-xylenediamine induced cross-linked 
fluoropolyimides such as 6FDA-durene (Liu et al., 2001; Liu et al., 2003) and 6FDA-
2,6-DAT (Cao et al., 2003), one may find that the cross-linking rate of Matrimid is 
much lower than those of fluoropolyimides.  This may be due to the fact that the 
swelling of membranes in methanol is the rate determining step (Liu et al., 2001). 
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The easier swelling effect may lead to higher reaction rates. Fluoropolyimides can 
be swelled easier by methanol than Matrimid because the former has a higher free 
volume and a closer solubility parameter to methanol than the latter. Future 
investigation can be focused on accelerating the cross-linking process, such as 
increasing the concentration of cross-linking reagent or performing the cross-linking 
modification at elevated temperatures or pre-swelling of Matrimid® 5218 in methanol 
well before the cross-linking. 
 
 
Figure 5.1 MDSC thermograph of original and modified Matrimid membranes. 
 
Figure 5.1 illustrates the heat flow of original and modified polymer films 
obtained by MDSC. It consisted of two components, which were “reversible” and 
“non-reversible” heat flow.  The non-reversible heat flow (e.g. glass transitions) 
represents the difference between the underlying heat flow (static/total heat flow) and 
the reversible heat flow (e.g. crystallization or loss of volatile material) (Reading et al., 
               (a) Original Matrimid 
             (b) 30 days cross-linked 
Nonrev. Heat Flow 
Heat Flow 








Storage Modulus  
Loss Modulus  
Tan Delta  
1994; Schawe, 1996).  Inspection of Figure 5.1 reflects that no significant difference 
for reversible transformation was observed between the original and cross-linked film.  
However, there is a remarkable discrepancy detected in total heat flow for the cross-
linked polyimide, which was contributed by the non-reversible transition.  This 
kinetic response illuminates that differences in non-reversible transition were 



















Figure 5.2 DMA results for original and modified Matrimid membranes.  
 
Besides, from the DMA data in Figure 5.2, loss modulus curves suggest that 
the original Matrimid film experienced a better chains relaxation as compared to the 
modified film.  It is probably due to the restriction of chain mobility and change in 
homogeneity by cross-linking modification, indicating that the cross-linking stabilized 
the polymer materials.  Figure 5.3 demonstrates the thermomechanical behaviour of 
polyimide films measured by TMA.   Apparently, a shrinkage peak (indicating a soft 
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point) was observed for the original polyimide, but it disappeared after cross-linking 
modification.  On the other hand, the coefficients of thermal expansion were obtained 
over a temperature range of 75-150 °C to investigate the polymer molecular 
orientation and chains alignment.  Due to the reduction in chains mobility and the 
formation of cross-linking network, the cross-linked film exhibited a lower 





















Figure 5.3 Plot of TMA for original and modified Matrimd membranes.  
 
5.2.2 Mechanisms of Chemical Cross-linking Reaction 
 
Figure 5.4 represents the typical infrared bands for the original and modified 
polyimides.   The FTIR-ATR spectrum of Matrimid (imide group) is characterized by 
bands at around 1780 cm-1 (asymmetric stretch of C=O in the imide group), 1713 cm-1 
(symmetric stretch of C=O in the imide group) and 1380 cm-1 (stretch of C-N in the 
Membrane Coefficient of Thermal 
Expansion @ 75-150 °C  
(µm/m °C ) 




imide group). The intensities of these characteristic peaks were found to gradually 
decrease with an increase in immersion time (degree of cross-linking).  For the cross-
linked polyimides, C=O stretching in the amide group at 1648 cm-1 and strong amide 
bands (stretching of C-N and/or  bend of N-H in the amide group) at 1534 cm-1 were 
presented and their intensities increased with immersion time. After a lengthy 
immersion time (complete cross-linking), the imide characteristic bands will fully 
disappear, and substituted by the characteristic bands of amide group, together with an 




Figure 5.4 A comparison of FTIR spectra for Matrimid: (a) Original sample; (b) and 
(c) cross-linked sample obtained by immersing in cross-linking reagent for 32 days 
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Figure 5.5 illustrates the mechanisms (step by step process) of chemical cross-
linking modification.  Based on the observation, the swelling of polyimide films by p-
xylenediamine methanol solution is pre-requisite for the formation of cross-linking. 
Cross-linking structures (drawn by Chem3D) is formed through the attack of the 
imide functional groups of Matrimid by the amino groups in p-xylenediamine to form 
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5.2.3 Pure Gas Transport Properties of Matrimid®5218 
 
The gas permeability and ideal selectivity of He, O2, N2, CH4 and CO2 through 
cross-linked Matrimid films are summarized in Table 5.1.  Figure 5.7 depicts the 
behaviors of pure gas permeability with immersion time.  The gas permeabilities are 
found to attain the maximum value for 1-day cross-linking modification, followed by 
decreasing subsequently with immersion time.  As the degree of cross-linking 
corresponding to the immersion time, the degree of cross-linking governs the gas 
transport properties.  At the initial stage, the increase in permeability is mainly due to 
the fact that methanol was used to swell the polymer structure before the formation of 
cross-linking. In order to prove our hypothesis, the cross-linking experiment was 
repeated by using pure methanol instead of the cross-linking reagent. The methanol 
treated films were dried naturally at room temperature for more than 24 hr before 
mounting on the permeation cell.  After that, the mounted films were further dried in 
vacuum environment at 35 °C for more than 48 hr before permeation tests. This is to 
ensure the films are properly dried.  The gas transport properties of methanol-treated 













































































































































































































































































































































 Original Matrimid (Untreated)
 1-day methanol treated Matrimid (Modified)
 Aging of modified matrimid for 65 days
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It is perceptible that the permeability of gases increased tremendously, from a 
minimum of 50 % to a maximum of 106 % after treating in pure methanol for 1 day.  
Since the swelling of polymer chains by methanol is an intermediate and unstable 
process, the permeability of modified Matrimids was found to decrease again after 65 
days aging in the ambient.  However, the permeability of 65-day aged film is slightly 
higher and not comparable to the unmodified films.   This verified that the increment 
of permeability is due to the swelling of polymer matrix by methanol instead of 
methanol trace in the film.  Therefore, we conclude that the swelling of polymer 
chains by methanol plays a predominant role at low degrees of cross-linking, which 
may lead to increase in permeability.   
 
Moreover, Figure 5.7 also illuminates the decrement of gas permeability with 
immersion time at a higher degree of cross-linking.  The reductions in free volume, 
chains mobility and the interstitial space among chains attribute to the decrease of 
permeability with immersion time.  The decreasing of gas permeabilities is in the 
order of CO2 (3.3 Å) > CH4 (3.8 Å) > N2 (3.64 Å) > O2 (3.46 Å) > He (2.6 Å), as 
illustrated in Figure 5.9.  It appears that the decreasing order corresponds to the 
kinetic diameter of gas molecules, expect for gases CO2 having the collision diameter 
of 4.0 Å.  The permeability behavior can be further explained by apparent diffusion 









































As shown in Table 5.2, reduction of chains mobility and interstitial space 
among chains by cross-linking has contributed to the decrease of apparent diffusion 
coefficients with immersion time.  Again, the decrease of apparent diffusion 
coefficient is in the order of CO2 > CH4 > N2 > O2 > He.  Both the increased 
intersegmental interaction among the newly formed amide groups with the aid of 
hydrogen bonds and the reduced free volume due to the space filling effect of p-
xylemediamine groups contributed to the decreased apparent diffusion coefficients. 
Unfortunately, the apparent diffusion and solubility coefficients of gas He were 
unable to be obtained due to its extremely short time lag.  However, although most 
gas solubility coefficients achieved maximum at 3-day immersion time, their values 
decreased gradually with increasing immersion time probably because of the space 
filling effect of p-xylenediamine eventually eliminated the sorption sites.  Therefore, 
the decrease in apparent diffusion coefficients dominantly contribute to the decrease 

























































































































































































































































































































Furthermore, the effect of penetrant size on gas diffusion coefficient is 
examined.  Basically, there are two general techniques that are always employed to 
estimate the molecular sizes, which are kinetic diameter (σk) and Lennard-Jones 
collision diameter (σLJ) (Bird et al., 1960; Breck, 1974).  The molecular sieving 
dimension or minimum diameter of a gas molecule without accounting for the length 
of penetrant molecule is represented by kinetic diameter.  Whereas, the Lennard-Jones 
collision diameter is measured based on molecular interactions of a gas, which is the 
intermolecular distance of closest approach for two molecules colliding with zero 
initial kinetic energy.  With the exception of CO2, the kinetic diameter of molecules is 
usually alike to their collision diameter.  Special case of CO2 is presumably due to its 
linear structure and strong molecular interaction.  The molecule diameters of gases 




Table 5.3 Molecule Diameters of Gases Tested in This Study 
Diameter (Å) He O2 N2 CH4 CO2 
Collision Diameter, σLJ 2.58 3.43 3.68 3.82 4.00 
Kinetic Diameter, σk 2.60 3.46 3.64 3.80 3.30 


















































































































Figure 5.10 describes the behavior of apparent diffusion coefficient as a 
function of square of molecule diameters for both untreated and treated Matrimid 
membranes.  It shows that the apparent diffusion coefficient possessed a linear 
relationship with square of both kinetic and collision diameter except for gas CO2.  It 
is because the kinetic diameter underestimates the molecular size, while the collision 
diameter overestimates the penetrant size.  For this reason, effective diameter (σeff), a 
new measurement of molecular size defined by the following equation (Shieh and 
Chung, 1999) is used to re-plot the relation as illustrated in Figure 5.11: 
 
kLJeff
σσσ =         (5.1) 
 
The apparent diffusion coefficient has a linear correlation with square of 
effective diameter, indicating the molecular interaction, minimum diameter and 
effective length of molecule are the parameters that control the diffusion of penetrants 










Figure 5.11 Apparent diffusion coefficients as a function of square of effective 
diameter. 
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Figure 5.12 illustrates the effect of immersion time on ideal gas selectivity. 
The improvement of He/N2 selectivity is mainly resulted by the reduced interstitial 
space of the polymer chains after cross-linking.  Nevertheless, the ideal selectivity for 
both O2/N2 and CO2/CH4 did not change significantly and remained almost constant 
with degree of cross-linking. Hence, in terms of selectivity enhancement, it appears 
that the modification of Matrimid is merely practical for separation of gas He/N2. 
Similar results were observed by Hayes (Hayes, 1991) and Liu and coworkers (Liu et 










Figure 5.12 Influence of immersion time on the ideal gas selectivity. 
 
 
5.2.4 Effect of Cross-Linking on Plasticization Phenomenon 
 
 It is well known that gas CO2 is highly condensable and soluble, particularly 
in glassy polymers.  Sorbed CO2 has a dramatic effect on the depression of glass 
transition temperature.  Consequently, CO2 usually acts as a plasticizer in CO2/CH4 




















amount of CO2 sorption. As a result, the interstitial space among chains, free volume 
and free volume distribution will be changed and the plasticization causes a drastic 
decrease in ideal selectivity.  To maintain the membrane separation performance, 
plasticization must be suppressed.  Chemical cross-linking modification is one of the 












Figure 5.13 Pure CO2 permeability for untreated and cross-linked films as a function 
of upstream pressure.  
 
 Figure 5.13 shows the permeation behaviour of CO2 in cross-linked Matrimid 
and untreated Matrimid. The untreated Matrimid® film exhibited the plasticization 
phenomenon at 15 atm where the minimum permeability is observed. Below 15 atm, 
the permeability obeyed the dual mode sorption model and decreased with increasing 
pressure.  However, over 15 atm, the permeability increased with an increase in 
pressure, indicating plasticization occurred on the untreated Matrimid. The 7-day 

























Original Matrimid 32 days cross-linked Matrimid
7 days cross-linked Matrimid
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plasticization pressure to a higher value of 32 atm, but it was not sufficient to 
completely suppress the plasticization. Nevertheless, the proposed cross-linking 
modification demonstrated its capability to restrict chains mobility and enhance anti-
plasticization characteristics. For the 32-day modified one, the CO2 permeability 
decreased with increasing feed pressure and showed an almost constant permeability 
at elevated pressures.  This finding indicates that the plasticization has been 
effectively suppressed and a very rigid polyimide structure was obtained at high 
degrees of cross-linking. 
 
5.2.5 Permeation Transport of Mixed Gases 
 
The variation of permeability between the pure gas and mixed gas 
measurements has often been observed because the transport of a component in the 
gas mixture is significantly affected by presence of other components (Sanders et al., 
1983; Chern et al., 1984; O’Brien, 1986; Donohue et al., 1989; Sada et al., 1992; 
Raymond at el, 1993; He et al., 1999; Wang et al., 2002c).  This discrepancy is 
believed to arise from the effect of penetrant competition, gas phase non-ideality, 
plasticization phenomena and gas polarization (Chern et al., 1984; O’Brien, 1986; 
Donohue et al., 1989; Sada et al., 1992; Ettouney and Hughes, 1993; He et al., 1999; 
Wang et al., 2002c).  For these reasons, the mixed gas permeation measurement was 
conducted and pure gas permeation test for CO2 and CH4 at equivalent pressure were 




Table 5.4 summarizes the performance of Matrimid membranes for both 
mixed gas and pure gas measurements.  For the untreated Matrimid, the CO2 
permeability for mixed gas test was lower than that of pure gas permeability at the 
respective partial pressure.  The observed reduction in permeability is most likely due 
to the competition between the penetrants for Langmuir sorption sites in a glassy 
polymer, as the permeation follows the solution-diffusion mechanism.  In this binary 
mixture, the presence of methane is believed to reduce the solubility coefficient of 
carbon dioxide with the competition in occupying the unrelaxed volume. Hence, CO2 
permeability is lowered by the presence of methane.  For the same reason, the 
presence of carbon dioxide decreased the solubility of methane.  However, inspection 
of Table 5.4 reveals that the CH4 permeability from mixed gas is closes to that 
obtained in pure gas test.  It is owing to the presence of gas CO2 even though it 
reduced the solubility of CH4, but it also facilitate the transport of gas CH4 by 
increasing the CH4 diffusivity.  As a result, the compensation of declined solubility by 
diffusivity improvement yielded the same permeability as the pure gas test.  
Consequently, the selectivity obtained for mixed gas test was lower than the ideal 
selectivity.  A similar phenomenon has been reported somewhere else (Raymond et al., 
































































































































































































































































































Nevertheless, a different mixed gas transport behavior is detected for the 7-day 
cross-linked Matrimid membrane. Table 5.4 demonstrates that the mixed gas 
permeability for both gas CO2 and CH4 were reduced significantly if compared to the 
pure gas tests at equivalent partial pressure.  However, surprisingly, the selectivity 
obtained in mixed gas tests was greater than those of pure gas tests.  It may arise from 
the fact that the cross-linking modification reduces the free volume, chains mobility 
and the interstitial space among chains, which may have different effects on 
diffusivity reduction for linear (CO2) and spherical molecules (CH4) when they 
penetrates through the membranes. Usually, a slow gas tends to be retarded more than 
a fast gas.  Therefore, the selectivity of mixed gas was found to be higher than the 





A room-temperature cross-linking modification has been performed on 
Matrimid® 5218 by immersing the films in a 10-w/v % of p-xylenediamine methanol 
solution for a certain period of time.  The gel content determined for 14-day modified 
film indicates that the cross-linking modification occurred slowly.  MDSC, DMA and 
TMA have been carried out to characterize the cross-linked Matrimid films.  The 
chemical structure changes during cross-linking process were monitored by FTIR, 
where imide functional groups of Matrimid were converted to the amide functional 
groups during modification process.  The gas permeability decreased gradually with 
immersion time after achieving their maximum values at 1-day immersion time.  The 
swelling of polymer chains by methanol is the cause for the increase in permeability. 
The degree of cross-linking further increased with immersion time, and resulted in 
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significant permeability decrement for modified membranes in the order of CO2 > 
CH4 > N2 > O2 > He, which dominated by decrease in diffusion coefficients.  The 
reduction of free volume, chains mobility and the interstitial space among chains after 
cross-linking modification contributed to the decrease of permeability. Moreover, the 
gas diffusivity of Matrimid possessed a linear relationship with the square of effective 
diameter.  The He/N2 selectivity increased with immersion time, but the ideal 
selectivity for O2/N2 and CO2/CH4 remained almost constant throughout the cross-
linking reaction. Untreated Matrimid® 5218 polymer films underwent the 
plasticization phenomenon at 15 atm.  However, cross-linking modification appears to 
be an effective approach in suppressing the plasticization phenomenon.   For the 
untreated Matrimid, the mixed gas permeability of CO2 was lower while the 
permeability of CH4 was higher than their respective pure permeability at equivalent 
partial pressure.  Consequently, the selectivity of CO2/CH4 was lower than the ideal 
selectivity. However, for the treated film, the mixed gas permeability decreased for 
both CO2 and CH4, with relative to their pure gas permeability.  Interestingly, the 







SEPARATION OF CO2/CH4 THROUGH CARBON MOLECULAR SIEVE 




Polymeric membranes were recognized as a promising separation approach 
for gas and vapor separation.  In particular, separation of CO2/CH4 has received high 
attention due to the great significance to industrial applications in natural gas 
purification and CH4 recovery from landfill gas (Baker, 2002).  However, polymer 
materials are deficient to meet the requirements of membranes separation technology.  
Two instant challenges facing by current polymer membranes technology are to 
achieve the high separation properties and maintain its durability in adverse and 
rigorous environments.  Polymeric membranes are suffering from the problems of 
aging (Pformm and Koros; 1995; McCaig and Paul, 1999; Lin and Chung, 2000) and 
plasticization (Chiou et al., 1985; Wessling et al., 1991; Bos et al., 1999), where the 
separation performances decline with the passage of time.  With response to the 
limitations of polymeric membranes, inorganic membranes, especially the carbon 
molecular sieve membranes (CMSMs) have been identified as an alternative 
candidate for gas separation.   
 
CMSMs are rigid and highly porous materials.  The porous nature of carbon 
membranes provides the justification of high productivity, while their molecular-
sieving morphology restricts the rotational freedom degree of gas penetrants and 
yields highly selective membranes.  As a result, carbon membranes can attain the 
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high selectivity without loosing the productivity (Liang et al., 1999; Itoh and Haraya, 
2000) and thus surpass the upper bound limit of polymeric membranes (Koros and 
Mahajan, 2000; Park and Lee, 2003).   Many studies showed a CMSM can be tailored 
to acquire a distribution of selective micropores in the order of 3-6 Å, which are 
similar to the molecular size of diffusing gas (Koresh and Soffer, 1987; Menendez 
and Fuertes, 2001).   Therefore, there is growing interest in using CMSMs to allow 
precise discrimination between gas molecules of similar molecular dimensions.  
Moreover, due to their rigidity, CMSMs are able to retain their stability in aggressive 
(vapors or solvents, and non-oxidizing acids or bases) and adverse (high temperature 
and pressure operation) environments (Hatori et al., 2004; Sznejer et al., 2004) that 
are too harsh for polymeric membranes.  
 
Carbon membranes are mainly prepared by the pyrolysis of thermostable 
polymers, which do not fuse and retain their structural shape during carbonization 
(Fuertes et al., 1999; Sznejer et al., 2004). The pyrolysis of polymeric precursors 
produces highly pure carbon membranes with relatively low contaminants.  Selection 
of polymer precursors is one of the key factors in determining the performance of 
CMSMs.  The structure of CMSMs is affected by the chemical composition of 
precursors.  The reported polymer precursors for carbon membranes include 
polyfurfuryl alcohol (PFA) (Chen and Yang, 1994), polyvinylidene chloride (PVDC) 
(Rao et al., 1992; Centeno and Fuertes, 2000), cellulose (Koresh and Soffer, 1983; 
Soffer et al., 1994), phenolic resins (Centeno and Fuertes, 1999), polyacrylonitrile 
(PAN) (Chen and Harrison, 2002; David and Ismail, 2003), polyetherimides (Sedigh 
et al., 1999; Coutinho et al., 2003) and polyimides (Bürger et al., 1975; Takeichi et al., 
1998; Hatori et al., 2004; Park et al., 2004).  Among these polymers, the aromatic 
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polyimide-type polymers appear to be the most frequently used material in the 
preparation of CMSMs.  It is because polyimides are rigid with high glass transition 
temperature (Tg), having excellent thermal resistance and mechanical stability. They 
show the characteristic graphitization behavior.  However, most of the polyimides are 
expensive and some are only synthesized at laboratory scale, which have limited their 
utilization for carbon membrane preparation.  Therefore, a commercially available, 
thermoset copolyimide, P84 was used as a precursor of selective carbon membranes 
in this research work.  P84 exhibits superior gas selectivity, which is among the 
highest ever reported for polymeric membranes.  However, the CO2 permeability was 
found to be relatively low, only about 1 barrer at 25 °C (Barsema et al., 2003a).   
 
In this work, we explored the use of P84 as a precursor of carbon membranes 
for CO2/CH4 separation as it has been proved that the separation performance of 
polymeric membranes will increase tremendously after carbonization.  Barsema et al. 
prepared the gas selective carbon membranes from P84 ultra-filtration (UF) fiber 
membranes, which did not have any gas separation properties before pyrolysis 
(Barsema et al., 2003a).  The resultant carbon membranes exhibited favorable 
performance for gas separation.  The evolution of mean pore diameter with pyrolysis 
temperatures was investigated.  Furthermore, Barsema and co-workers functionalized 
P84 carbon membranes matrix with Ag-nanoclusters to enhance the separation 
properties of resultant membranes (Barsema et al., 2003b). Besides, Park and co-
workers reported the preparation and characterization of CMSMs derived from dense 
P84-polyimide precursors for gas separation (Park et al., 2002).  They also found that 
the pyrolysis temperatures considerably influenced the gas separation properties of 
CMSMs, where the carbon membranes pyrolyzed at 700 °C possessed the highest 
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permeability but loss in ideal selectivity.  Above three studies have examined various 
gas separations such as He/N2, O2/N2, CO2/N2 through CMSMs, where the separation 
of CO2/CH4 has been neglected.  Therefore, the main objective of this paper is to 
evaluate the use of carbon membranes derived from P84 precursor for CO2/CH4 
separation, which is industrially important for natural gas processing.  Matrimid-
based carbon membranes were also prepared for the comparison purpose. A mixed 
gas separation was investigated to study the difference in permeation behavior 
between single and binary gas system.    
 
6.2 RESULTS AND DISCUSSION 
6.2.1 Characterization of Carbon Membranes 
 
 Several characterization instruments, including elemental analyzer, density 
measurement, TGA, TGA-FTIR and WAXD were employed to characterize the 
CMSMs fabricated at different pyrolysis conditions. Table 6.1 presents the elemental 
analysis of precursors and membranes carbonized from P84 and Matrimid® 5218 
under vacuum environment.  The analysis exemplified that all all-P84 derived carbon 
membranes pyrolyzed at 550, 650 and 800 °C contained about 79-81 % carbon, 2.0-
3.0 % of hydrogen, 4.0-6.5 % of nitrogen and 12.5 % of oxygen.  In particular, P84-
based carbon membranes carbonized at 800 °C exhibited the highest carbon content 
and the lowest presence of hydrogen, nitrogen and oxygen.  Moreover, the most 
depleted elemental ratio of oxygen to carbon was displayed by CM-P84-800.  
Similarly, the elemental analysis of Matrimid-derived CMSMs is demonstrated, 
where Matrimid-derived carbon membranes pyrolyzed at 800 °C contained about 85 
% carbon, 2.0 % of hydrogen, 3.0% of nitrogen and 10 % of oxygen.  The carbon 
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yield of Matrimid-based carbon membrane was higher than P84-based carbon 
membrane at pyrolysis temperature of 800 °C.  Generally, the analysis reveals that the 
carbon content increased, while the elemental ratio of hydrogen, nitrogen and oxygen 
to carbon decreased with increasing pyrolysis temperatures. Besides, it is clear that 
nitrogen and hydrogen contents decreased significantly as compared to oxygen 
content, which was merely changed with pyrolysis temperatures. Briefly, one of the 
important findings from these two tables indicating that the oxygen content in this 
study was relatively high compared to other reported values (Kusuki et al., 1997; 
Hatashi et al., 1997a; Suda and Haraya, 1997a), and may obliquely caused to low 
carbon content for carbon membranes.  This is most probably due to the instability of 
carbon membrane that favors the chemisorption of oxygen onto carbon surface 
(Verma et al., 1992; Jones and Koros, 1995). 
 
Table 6.1 Elemental Analysis of P84 and Matrimid Precursors and Their 
Pyrolyzed Membranes 
Elemental Content  
(wt %) Ratio 
Membrane 
C H N O H/C N/C O/C 
P84 Precursor 71.45 3.05 6.61 18.89 0.043 0.093 0.264 
CM-P84-550 78.39 2.72 6.44 12.45 0.035 0.082 0.159 
CM-P84-650 79.75 2.37 4.96 12.92 0.030 0.062 0.162 
CM-P84-800 81.32 1.91 4.18 12.59 0.023 0.051 0.155 
Matrimid Precursor 76.07 4.39 5.07 14.48 0.058 0.067 0.190 
CM-Mat-800 84.71 2.03 3.15 10.11 0.024 0.037 0.119 
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The density measurement was performed on precursors and carbon 
membranes. The results are shown in Table 6.2.  Essentially, the density of 
membranes increased after pyrolysis.  According to the data in Table 6.2, the density 
of P84-derived carbon membranes increased as the temperature increased from 550 to 
800 °C. It is possible to speculate that carbon structure has become more orderly and 
closely packed with increasing pyrolysis temperature.  The results also imply in an 
increment of carbon material per unit volume of carbon membranes at a higher 
pyrolysis temperature. 
 
Table 6.2 Density of P84-derived Carbon Membranes 








 The thermal degradation of P84 and Matrimid precursors was monitored by 
TGA in dry N2 atmosphere.  Fig. 6.1 illustrates the weight variation of polymers 
during the heating process from 50 to 900 °C.  According to the TGA thermogram, 
the degradation temperature of P84 and Matrimid Precursors (Td), which defined as 
the temperature corresponding to 5% weight loss for precursor are observed at 522 
and 513 °C, respectively.  This indicates the high thermal resistance of P84 and 
Matrimid polyimides.  The total weight loss at 800 °C was approximately 50 %, and 
Matrimid decomposed earlier and experienced greater mass loss than P84.    Briefly, 
 147
P84 and Matrimid polyimides started to decompose evidently at around 500 °C, and 
encountered abrupt weight loss with further increase in temperature.  Nonetheless, a 
distinct weight loss can be observed before 150 °C due to evaporation of desorbed 




Figure 6.1 Thermogravimetric analysis of Matrimid and P84 precursors. 
 
 The weight loss during heating process is certainly owing to the evolution of 
compounds from precursor.  The release of degradation products of P84 and 
Matrimid was examined by TGA-FTIR and displayed in Figures 6.2 and 6.3, 
respectively.  As corresponding to the TGA thermogram, only an evolution of water 
was detected at temperature below 200 °C.  The polymer began to decompose after 
350 °C and resulted in mass loss.  Few volatile compounds due to the decomposition 
are demonstrated by FTIR spectrum.  Following characteristic bands were observed 
during the pyrolysis of polyidimes: stretching of free O-H at the range of 3500-3800 
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bands (2170 and 2110 cm-1) at the right wing of the CO2 band, aromatic ring 
stretching vibrations (-C=C-) at the bands around 1600 cm-1 and aromatic ring 
vibrations and aromatic =C-H out of plane deformation vibrations at 671 cm-1 (most 
likely by benzene).  On top of it, there were few additional characteristic bands 
observed for Matrimid (Fugure 6.3): 3100 cm-1 band ascribed the C-H stretch, a band 
of aromatic ethers (=C-O-C stretching) at 1310 cm-1 and NH3 (double bands at 965 
and 930 cm-1).  This shows the correspondence between the TGA and FTIR analysis 
where Matrimid encountered greater thermal decomposition than P84.  Although few 
volatile compounds such as O2, N2 and H2 are unable to be characterized by FTIR, it 
is clear that the volatile compounds such as CO2, CO, O2, N2, benzene, phenyl, 
aliphatic hydrocarbons and other aromatic compounds were evolved during the 
thermal degradation of polyimide, which are coherent with the reported works 
(Kusuki et al., 1997; Suda and Haraya, 1997a; Barbosa-Coutinho et al., 2003).  
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Figure 6.3 Selected IR spectra of products from TGA for Matrimid precursor. 
 
 
Figure 6.4 shows the WAXD results for P84 precursor and P84-derived 
carbon membranes.  The d-space values are determined from diffraction peak angles.  
Amorphous P84 precursor possesses a d-space values of 5.1 Å.  After carbonization, 
the shift of this peak indicating a decrease in the regularity of packing structure 
relative to the polymer precursor. P84-derived CMSMs pyrolyzed at 550 and 650 °C 
were essentially amorphous, but the crystallinity was evidenced at higher pyrolysis 
temperature.  A crystalline peak appeared at 3.51 Å for CM-P84-800, which was 
approximate to the size of penetrants used in this study (methane and carbon dioxide).  
It is certainly clear that the thermal motion towards a graphite structure occurred with 
the increase of structural regularity.  The d-space value of 2.1 Å, which demonstrates 
the carbon-carbon spacing, also observed for CM-P84-800.  This observation 
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suggests the formation of conjugate aromatic graphitic structure and CMSMs exhibit 
the graphite nature of high selectivity.  From the WAXD results, it is undoubtedly 
that the CMSMs were more orderly packed at higher pyrolysis temperatures.  This 
result is consistent with the increase in density at a high carbonization temperature, as 
illustrated in Table 6.2.  Similar results were obtained for Matrimid precursors and 
carbon membranes, as illustrated in Figure 6.5.  The d-space of Matrimid shifted from 
5.6 Å to 3.7 Å after pyrolysis process, and a new peak was also perceived for 
Matrimid-derived carbon membranes at around 2.1 Å.  From the smaller d-space 
observed for carbon membrane derived from P84 (3.51 Å) than that of Matrimid (3.7 
Å), it is predictable that P84-based CMSM may exhibit the higher selectivity as 








Table 2 presents the elemental analysis of precursor and membranes 
carbonized from Matrimid® 5218 under vacuum environment.  The analysis 
exemplified that all  
 
 
Figure 6.4 Wide-angle X-ray diffraction for P84-derived CMSMs carbonized at 550 
°C, 650 °C and 800 °C. 
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Figure 6.5 Wide-angle X-ray diffraction for Matrimid-derived CMSM carbonized at 
800 °C. 
 
6.2.2 CO2/CH4 Permeation Performance of P84-derived Carbon Membranes  
 
The influence of pyrolysis temperature on the CO2/CH4 separation properties 
of carbon membranes was investigated and summarized in Table 6.3.  The gas 
permeability of carbon membranes increased dramatically about 2 to 3 orders after 
carbonization as compared to polymer precursors.  The permeability of CO2 and CH4 
was in the order of CM-P84-550>CM-P84-650>CM-P84-800.  High CO2/CH4 ideal 
selectivity of 89 was obtained for CM-P84-800, whose value was the highest among 
all the resultant carbon membranes.  Accordingly, one certain interpretation is that the 
separation performance of CMSMs depends significantly on the final pyrolysis 
temperature.  The CO2 permeability increased unselectively from 1.2 Barrers to 1808 
Barrers for CM-P84-550.  When the final pyrolysis temperature increased from 550 
to 650 °C, the ideal selectivity increased 1.7 times accompanied by a reduction in the 










permeability. Principally, the chaotic structure of carbon materials consists of a 
distribution of amorphous and graphitic microdomains (Foley, 1995).  The WAXD 
results shown in Figure 6.4 elucidates the carbon membranes pyrolyzed from P84 
precursor at 550 and 650 °C were partially pyrolyzed materials composed of more 
amorphous microdomains with an open molecular matrix. Therefore, CM-P84-550 
exhibited extremely high CO2 permeability (1808 Barrers) but loss in ideal selectivity 
(lower than precursor).  With further raising the pyrolysis temperature to 800 °C, CO2 
permeability decreased by 1.5 times with increasing in ideal selectivity up to 2.4 
times, and thus more selective membranes with lower flux were obtained.   The 
permeability and ideal selectivity of CM-P84-800 were 500 Barrers and 89, 
respectively.  The reason for this superior performance arises from the fact that a 
higher pyrolysis temperature causes pores shrinkage and converses amorphous 
microdomains to aromatic microdomains.  Subsequently, the alignment of graphitic 
structures shifts the pores size distribution towards the smaller micropores.  Besides, 
the density of P84-derived carbon membranes increased when the pyrolysis 
temperature increased from 550 to 800 °C, as shown in Table 6.2.  Density 
measurements confirmed the speculation that the resultant carbon structure has 








Table 6.3 Gas Separation Properties of P84 Precursor and Derived Carbon 
Membranes 
Permeability (Barrer) Ideal Selectivity 
Membrane 
CO2 CH4 CO2/CH4 
Precursor 1.2 0.02 50 
CM-P84-550 1808 82.2 22 
CM-P84-650 738 20.0 37 
CM-P84-800 499 5.6 89 
 
 
6.2.3 A Comparison of Gas Separation Performance between P84-derived 
CMSMs and Other Commercially Available Polyimides-derived CMSMs 
 
Four aromatic polyimide-type precursors: P84, Matrimid®, Kapton® and 
Ultem® (polyetherimide) are commercially available for carbon membranes 
fabrication. Therefore, the permeation properties of P84-derived CMSMs are 
compared with the CMSMs derived from other three polyimides.  Table 6.4 
summarizes the chemical structure and properties of these polyimides.  Apart from 
P84-derived membranes, carbon membranes derived from Matrimid® 5218 were also 
prepared in our laboratory.  Table 6.5 compares the CO2/CH4 separation performance 
between carbon membranes derived from P84 and Matrimid precursors under the 
same pyrolysis conditions.  Examination of Table 6.5 reveals that the carbon 
membrane produced from Matrimid precursor was more permeable but less selective 
than P84-derived CMSM.  With smaller d-space values (5.10 Å) and FFV (0.14), P84 
precursor is more tightly packed as compared to Matrimid precursor, which carries 
more bulky structure (d-space value = 5.64 and FFV= 0.17).  Thus P84 precursor 
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exhibited lower permeability but higher ideal selectivity.  The fractional of free 





⎛ ⎞−= ⎜ ⎟⎝ ⎠
                  (6.1) 
Where sV and oV  are the specific volume and the occupied volume, respectively.  The 
detailed calculation and concept involved are reported in Appendix C.   
 
Table 6.4 Chemical Structures and Properties of Commercially Available 
Polyimides 








































































Table 6.5 Comparison between the Gas Permeation Properties of P84- and 
Matrimid-Derived CMSMs 
Permeability (Barrer) Ideal Selectivity Membrane 
CO2 CH4 CO2 /CH4 
P84 Precursor 1.2 0.02 50 
CM-P84-800 499 5.6 89 
Matrimid Precursor 6.5 0.19 34 
CM-Mat-800 611 10 61 
 
 
Besides the Matrimid-based CMSM, the preparation and characteristics of 
carbon membranes derived from Kapton are reported by Feurtes and coworkers 
(Fuertes et al., 1999), Suda and coworkers (Suda and Haraya, 1997a; Wang et al., 
2003) and H. Hatori and coworkers (Hatori et al., 1992; 2004).  However, we are 
unable to compare the permeation results of P84-derived CMSMs in this study with 
the separation performance of Kapton-derived CMSMs, as the separation of CO2/CH4 
was not being investigated in their works.  Even so, according to the results obtained 
by Fuertes and coworkers (Fuertes et al., 1999), Kapton-based carbon membranes 
were more permeable but less selective than those derived from Matrimid.  Thus, 
P84-derived carbon membranes can display better separation efficiency than Kapton-
derived carbon membranes.  Furthermore, Kapton polyimide is nearly insoluble in 
any solvent, the carbon membranes were always prepared by pyrolysis of Kapton 
polyimide film manufactured by Dupont Inc.  This disadvantage definitely has 
restricted its feasibility in fabricating carbon membranes.  
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Lastly, supported Ultem carbon membranes on porous substrate were prepared 
by Sedigh and coworkers (Sedigh et al., 1999; 2000), Fuertes and Centeno (Fuertes 
and Centeno, 1998), while the Ultem carbon hollow fiber was studied by Coutinho 
and coworkers (Barbosa-Coutinho et al., 2003).  The CO2/CH4 separation factor of 25 
(at test temperature of 25 °C) was acquired by Ultem carbon membranes supported on 
macroporous carbon disks prepared by Fuertes and Centeno (Fuertes and Centeno, 
1998). This selectivity value was very small compared to the selectivity of P84-based 
CMSMs in our study.  However, it is inappropriate to direct compare their permeation 
properties of Ultem-based CMSM with our P84-based carbon membranes, due to the 
different configuration and pyrolysis conditions that have been employed in preparing 
the carbon membranes.  Principally, ultem-based CMSMs should possess higher 
permeability with lower selectivity than P84-based CMSMs.  It is because the FFV of 
Ultem-precursor is slightly higher as compared with that of P84 precursor.   
Conclusively, P84-derived carbon membranes can show the superior separation 
performance for CO2/CH4 separation among all the commercially available aromatic 
polyimide-types polymers-based carbon membranes. 
 
In essence, it is important to consider the factor of FFV as it is an important 
criterion in choosing an appropriate polymer precursor for the preparation of carbon 
membranes.  It is expected that polymer precursors with a smaller FFV will produce 
carbon membranes with a denser structure.  For that reason, a polymer precursor with 
a larger FFV should be chosen if high permeability is required for the resultant carbon 
membranes.  As a result, the identical pyrolysis protocol may result in different 
morphologies for different polyimides-derived CMSMs.  Thus, the pyrolysis 
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conditions optimized for a polymer precursor might not be suitable for another 













Figure 6.6 Separation properties of CO2/CH4 for P84-based and Matrimid-based 
CMSMs with respect to upper-bound curve. 
 
A CO2/CH4 trade-off lines for P84 and Matrimid precursors and their 
pyrolyzed membranes are shown in Figure 6.6.  It is obvious that the carbon materials 
possess excellent permeation properties, where both of the permeability and ideal 
selectivity are well-above the upper-bound curve after carbonization.  In particular, 
pyrolysis of polymeric membranes is a promising technology in producing the 
separation membranes with enhanced industrial value, especially for P84 which have 
extremely low permeability for its polymeric membrane.  For the separation of 
CO2/CH4, current attractive polymeric membranes are usually having permeability of 
























10-50 barrers and selectivity of 30-50.  Therefore, carbon membranes are always 
more productive with high selectivity than polymeric membranes.  In conjunction 
with tailor ability, high thermal and chemical resistance, carbon membranes derived 
from P84 precursor appears to be a potential candidate to provide processing 
flexibility for natural gas purification, CH4 recovery from landfill and biogas 
applications.   
 
6.2.4 Separation of CO2/CH4 Binary Mixture 
 
Pure gas permeation properties are usually used as the elementary results to 
indicate the ideal separation performance of membrane materials.  However, the 
permeation properties are affected by the presence of other penetrants in a gas 
mixture. The transport of a component in a gas mixture through membranes is notably 
different from that obtained from the pure gas measurement, especially in the 
separation of adsorbable gas.  The adsorption of gas molecules in carbon membranes 
matrix will significantly affect the penetration of other less or non-absorbable gas 
molecules.  Hence, CO2/CH4 separation properties for CM-P84-800 were investigated 
by using an equimolar binary system.  Table 6.6 summarizes the performance of CM-
P84-800 for both mixed gas and pure gas measurements.  The permeability of CO2 
measured from the binary mixture was approximate to the permeability obtained from 
pure gas measurement.  However, lower CH4 permeability was observed for gas 
mixture as compared to the pure gas permeability of CH4.  Therefore, the selectivity 
of CO2/CH4 in the binary mixture was about 10% higher than the ideal selectivity.  
This is due to the “hindrance effect” on the CH4 permeation brought upon by the CO2 
molecules (see below discussion).   
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Table 6.6 Comparison of Transport Performances for P84-derived Carbon 
Membranes between Mixed Gas and Pure Gas Measurements 
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Carbon Membranes are highly porous materials and possess a distribution of 
small selective pores that are similar to the dimension of diffusing gas molecules.  
Mass transport through CMSMs involves several mechanisms: Knudsen diffusion, 
surface diffusion, partial condensation/capillary condensation, selective adsorption 
and molecular sieving/activation diffusion (Rao and Sircar, 1993b; Gilron and Soffer, 
2002), depending on the dimension of the pores and surface properties of materials.  
Ideally, selective adsorption, surface diffusion and molecular sieving are the main 
mechanisms involved in the gas separation by carbon membranes.  In a binary gas 
mixture, separation is achieved by selective adsorption and surface diffusion of more 
strongly adsorbed component, as well as molecular sieving that permits the diffusion 
of smaller molecules, while retaining the larger molecules.  Thus, the discrepancy 
between the pure gas and mixed gas permeation is believed to arise from the effect of 
penetrant competition for adsorption and diffusion (both activated and surface 
diffusion) sites in a carbon membrane.   The smaller and more polar species of a gas 
mixture is selectively adsorbed into the pores and diffused across the membranes.  In 
the CO2/CH4 binary mixture, more strongly adsorbed component, CO2 is 
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preferentially adsorbs into the micropores of carbon membranes and subsequently 
reduces the void space across the pores.  Hence, the occupation of CO2 in the 
micropores significantly obstructs the surface and activated diffusion of non-
adsorbable CH4 molecules.  It can be seen that the permeability of CH4 decreased 
compared to its pure gas permeability, as the permeation of non-adsorbable CH4 
molecules was hindered by adsorbable CO2 molecules.  Consequently, the CO2/CH4 
selectivity in the binary mixture was higher than the ideal selectivity measured from 
the single gas permeation experiment.  This result implies that the mixed gas 
measurement is required to characterize the CO2/CH4 separation precisely through a 




Flat carbon membranes were prepared by pyrolysis of commercially available 
P84 polyimide precursor.  CMSMs were carbonized at three different pyrolysis 
temperatures of 550, 650 and 800 °C. Several characterization instruments such as 
TGA-FTIR, WAXD and Density Balance were employed to characterize the CMSMs.  
WAXD results indicated that the CMSMs pyrolyzed at 550 and 650 °C were 
essentially amorphous, but the aromatic graphitic structure was formed for CMSM 
pyrolyzed at 800 °C.  The permeation experiments were conducted on the carbon 
membranes for single and binary gas system, where the separation of CO2/CH4 was 
investigated. Besides, the influence of pyrolysis temperatures on the gas separation 
performance of carbon membranes was also examined.  Experimental results showed 
the high pyrolysis temperature yielded more selective but less permeable CMSMs.  
The carbon membrane pyrolyzed at 800 °C possessed excellent permeation properties 
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with the permeability of 500 Barrers and the selectivity of 89.  Apparent differences 
were found for selectivity and CH4 permeability measured from pure gas and 
equimolar binary system.  The permeability of CH4 for mixed gas system decreased 
with relative to pure gas system.  Moreover, the pure gas measurement 
underestimated the separation efficiency of carbon membranes. This is due to the 
restriction of CH4 penetration by the presence of adsorbable CO2 molecules in carbon 
membrane’s micropores.  In brief, P84-based CMSMs is a promising membrane 





NOVEL APPROACHES TO FABRICATE CARBON MOLECULAR SIEVE 





Carbon molecular sieve membranes (CMSMs) are the attractive gas separation 
materials due to their high flux and selectivity.  Carbon Materials exhibit high thermal 
and chemical resistance, making them suitable for corrosive, high pressure and high 
temperature operations. Carbon membranes are usually fabricated through the 
carbonization of polymeric precursors. Their porous nature has led to high 
permeability, while their molecular sieving morphology permits effective size- and 
shape- separation between gas molecules and restricts the degree of rotational 
freedom of gas penetrants.  The separation properties of CMSMs can be finely 
adjusted to a specific separation task by tailoring the microstructures through thermal 
and chemical treatments. The ability to tailor the structure and properties of carbon 
membranes ensures the practicability of these materials to gas separation problems.  
 
The main drawback to the immediate application of CMSMs is their very high 
production cost.  The cost per unit of membrane area for carbon membranes is 
between one- to three- orders of magnitude greater than the polymeric membranes 
(Koros and Mahajan, 2000). As a consequence, an immediate challenge faced by 
carbon membranes scientists is to develop “simple and novel” approaches to control 
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membrane microporous morphology and to fabricate the carbon membranes with 
superior separation performance.   
 
The fabrication of CMSMs is a complicated process, which involves several 
steps such as precursor selection, polymeric membrane preparation, carbonization and 
pre/post-treatment.  Optimization of these fabrication parameters is essential to 
produce high performance CMSMs with tailored microstructure (pores size, pores 
volume and etc) (Park and Lee, 2003; Saufi and Ismail, 2004).  Most of the past 
investigations have focused on the effects of pyrolysis conditions (Geiszler and Koros, 
1996; Fuertes et al., 1999; Sedigh et al., 1999; Vu and Koros, 2002; Yoshino et al., 
2003) and post-treatment (Koresh and Soffer, 1980; Hayashi et al., 1997a; Suda and 
Haraya, 1997b; Kusakabe et al., 1998), examining conditions such as pyrolysis 
temperature, carbonization environment, heating rates, and soak time on the 
performance of carbon membranes.  Alternatively, CMSMs can be pretreated to 
improve their permeation properties or to solve several problems inherent to their 
structures.  Thus, attention has been focused on the pretreatment of carbon 
membranes to optimize the separation efficiency. 
 
Pretreatment of precursors has been shown be able to alter the chain packing 
or chain segmental mobility of the polymers, which can have the significant effects on 
the structural organization of membranes during pyrolysis (Ruiz-Treevino and Paul, 
1998; Fuhrman et al., 2004).  Precursor pretreatment stabilizes the structure of the 
precursors, acts to maintain the molecular structure of the carbon chains or/and 
enhances the uniformity of pore formation during the pyrolysis process.  Current 
pretreatments include oxidation, chemical treatment and physical methods such as 
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stretching.  Oxidation or thermostabilization is the most popular and commonly used 
method to pretreat the polymeric precursors before pyrolysis.  This pretreatment 
stabilizes the structure of the precursors in order to withstand the high temperatures of 
pyrolysis.  Additionally, thermostabilization can maximize the carbon yields of 
resultant membranes by preventing excessive volatilization of elemental carbon 
during carbonization.  Oxidation has been carried out by Kusuki and coworker 
(Kusuki et al., 1997) who thermally treated the polymeric hollow fibers precursors in 
atmospheric air at 400 °C for 30 min before pyrolysis.  Several researches such as 
Tanihara and coworkers (Tanihara et al.), Okamoto and coworkers (Okamoto et al., 
1999) as well as David and Ismail (David and Ismail, 2003) had also applied the 
thermostabilization in their studies. Besides, Schindler and Maier proposed a chemical 
pretreatment using chemical reagent, where the capillary acrylonitrile membranes 
were pretreated in aqueous hydrazine solution before carbonization (Schindler and 
Maier, 1990). A concentration of at least 40 weight percent hydrazine was suggested 
in order to solve the problem of tar formation and the best results was achieved by 
pretreatment with 80% hydrazine hydrate for 30 mins at a solution temperature of 90 
°C.  Most importantly, Schindler and Maier found the hydrazine pretreatment 
improved the dimensional stability of membranes and at the same time prevented tar 
formation and clogging of pores during the pyrolysis step.  On the other hand, Chen 
and Harrison modified polyacrylonitrile (PAN) carbon fiber precursors via physical 
stretching in dimethylformamide (DMF) (Chen and Harrison, 2002).  The post-
spinning plasticization and stretching process removed the surface defects of fiber and 
attenuated the fiber diameter to promote more uniform heat treatment during pyrolysis.  
Additionally, it is suggested that this process facilitated further molecular orientation 
by reducing the molecular dipole interactions. The fibers produced were uniformly 
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stabilized fibers with a high degree of graphitic planes, few defects per unit volume 
and good mechanical properties.  However, it is noted that unstretched or partially 
stretched membranes are sometimes preferred, because they offered greater 
dimensional stability and a bigger pores size after carbonization (Schindler and Maier, 
1990).  To our best knowledge, no investigations have been done on chemical cross-
linking modification and nonsolvent treatment of polymer precursors before pyrolysis.   
 
 The main objective of this work is to report two novel methods in pyrolyzing 
the carbon membranes derived from modified polyimides in order to improve the 
separation properties of resultant carbon membranes. These modifications are based 
on (1) chemical cross-linking and (2) nonsolvent pretreatment on polymeric 
precursors.  We hypothesize that the space filling by cross-linking reagents during 
modification may stabilize the structure of precursor to pyrolysis temperatures. The 
stable structure of precursors is important to withstand the high temperature pyrolysis 
because it may prevent (1) the sudden collapse and softening of polymer chains, (2) 
preserve a reasonably high interstitial space among chains and (3) somewhat maintain 
the molecular configuration of carbon membranes after pyrolysis.  As a result, it is 
anticipated that the resultant carbon membranes have better gas separation properties 
after pyrolysis.  Since an extremely simple room-temperature cross-linking 
technology for the modification of polyimide films has been developed by our group 
for gas separation, which has been illustrated in Chapter 5, it was employed to test our 
hypothesis.  
 
 Furthermore, enough data indicated that the nonsolvent pretreatment may 
induce polymer swelling and the pretreated membranes may have higher free volumes. 
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Thus, attempts are given to investigate if swollen precursors can yield better carbon 
membranes after pyrolysis. The importance of swelling effects on the polyimide 
precursors, specifically the influence of nonsolvent (methanol, ethanol, propanol and 
butanol) pretreatment on the separation performance of resultant carbon membranes 
was examined.  Here we investigate (1) whether these nonsolvents are capable of 
inducing structural modification in the polymer precursors, (2) whether the 
nonsolvent pretreatment induces uniform pores, and (3) whether more selective 
carbon membranes can be produced with tailored pores sizes and narrow pores size 
distribution after modification.   
 
7.2 PRETREATMENT I: CHEMICAL CROSS-LINKING 
MODIFICATION 
 
The chemical cross-linking modification was performed on Matrimid 
polyimide, and followed by carbonization at pyrolysis temperature of 800 °C to 
produce carbon membranes.  The effect of cross-linking on the separation 
performance of resultant carbon membranes was investigated. CMSM derived from 
methanol-treated Matrimid was used for comparison purpose, to verify the 
practicability of nonsolvent pretreatment in enhancing the separation efficiency of 
CMSMs. The detailed description and elaboration of chemical cross-linking on the 






7.2.1 Results and Discussion 
7.2.1.1 Characterization of Carbon Membranes 
 
Table 7.1 presents the elemental analysis of precursor and membranes 
carbonized from Matrimid® 5218 under vacuum environment.  The analysis 
exemplified that all Matrimid-derived carbon membranes pyrolyzed at 800 °C 
contained about 85-87% carbon, 1.5-2.0% of hydrogen, 3.0% of nitrogen and 8.5-
10% of oxygen.  In particular, carbon membranes carbonized from 1-day cross-linked 
Matrimid exhibited the highest carbon content and the lowest presence of oxygen.  
Moreover, the most depleted elemental ratio of oxygen to carbon was displayed by 
CM-Mat-1xl-800.   
 
The density measurement was performed on precursor and carbon membranes, 
as shown in Table 7.2.  Essentially, the density of membranes increased after 
pyrolysis.  According to the results in Table 7.2, it seems the cross-linking 
modification hardly change the density of resultant carbon membranes. However, 
carbon membrane prepared from 1-day methanol-treated Matrimid exhibited higher 
density than other Matrimid-derived CMSMs.  It is possible to speculate that, after the 
methanol pretreatment, carbon chains have more freedom to become more orderly and 
closely packed during pyrolysis.  This result also implied in an increment of carbon 































































































































































































































































































































































































Table 7.2 Density of CMSMs Derived from Untreated and Cross-linked 
Matrimid 
Membranes Density (g/cm3) 








The weight variation of Matrimid precursor during heating process was 
examined by TGA in N2 atmosphere and illuminated in Figure 7.1.  Polymers 
degradation was obtained by TGA curves.  Firstly, Matrimid precursors start 
decomposed at around 500 to 550 °C, and then the weight loss increased abruptly 
with further increase in temperature.  The total weight loss at 800 °C was 
approximately 50% during pyrolysis.   Inspection of Figure 7.1 reflects that 1-day 
methanol-treated Matrimid encountered greater mass depletion compared to original 





Figure 7.1 Thermogravimetric analysis of Matrimid precursors. 
 
 
Typically, the weight loss of CMSMs during pyrolysis is attributed to the 
release of compounds from the precursors.  The evolution of these compounds was 
monitored by FTIR.  Figure 7.2 illustrates the general characteristics of products 
evolution during degradation.  From the FTIR thermograms, at temperature below 
200 °C, a small mass decrement which resulted from water evolution was detected.  
During 350-450 °C, polymers degradation began, and few volatile compounds were 
observed due to the evolution of CO2 (its characteristic band is at around 2350 cm-1), 
aromatic ring stretching vibrations (-C=C-) at the bands around 1600 cm-1 and 
stretching of free O-H at the range of 3500-3800 cm-1.  However, the bands at 3500-
3800 cm-1 do not represent the existence of H2O without the corresponding H2O 
bands around 1630 cm-1. Subsequently, the weight loss became significant after 500-
550 °C, where polymers distinctly degraded to form a graphite-like structure. At this 













(a) Original Matrim id
(b) 1-day cross-linked
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H stretching, CO2 band, CO at its characteristic double bands (2170 and 2110 cm-1) at 
the right wing of the CO2 2350 cm-1 band, aromatic ring vibrations and aromatic =C-
H out of plane deformation vibrations at 671 cm-1 (most likely by benzene), 3100 cm-1 
band ascribed the C-H stretch, a band of aromatic ethers (=C-O-C stretching) at 1310 
cm-1 and NH3 (double bands at 965 and 930 cm-1).  Furthermore, examination on 
Figure 7.2(a) and 7.2(b) reveals that the similarity of products evolution between 
unmodified and cross-linked Matrimid during polymer degradation.  Crucially, 
however, there was a striking distinction observed at 550 °C, a 1627cm-1 band 
represents the deformation vibration of primary amine N-H was detected for the 1-day 
methanol-treated Matrimid (Figure 7.2(c)).   
 
Figure 7.3 shows the d-spacing values of Matrimid® 5218-derived CMSMs 
determined from the diffraction peak angles.  For amorphous polymer precursors, 
Matrimid possessed d-spacing value at 5.6 Å.  According to Figure 7.3, the d-spacing 
peak of Matrimid shifted to 3.7 Å, which was approximate to the size of penetrants 
used in this study (nitrogen, oxygen, methane and carbon dioxide) after pyrolyzed at 
800 °C.  In addition, this d-space value further decreased to 3.6 Å for both CMSMs 
derived from cross-linked and methanol-treated Matrimid.  Prominently, a new peak 
was perceived for CMSMs at around 2.1 Å demonstrating the carbon-carbon spacing, 
which was recognized by d-spacing in graphite planes.  Hypothetically, the conjugate 
aromatic graphitic structure was formed and CMSMs exhibited the graphite nature of 
































Figure 7.2 Selected IR spectra of the products from TGA for (a) original Matrimid 
precursor, (b) 1-day cross-linked Matrimid and (c) 1-day methanol treated Matrimid. 
 
 






















































Figure 7.3 Wide-angle X-ray diffraction of CMSMs derived from Matrimid® 5218. 
 
 
7.2.1.2 Effects of Pyrolysis on Pure Gas Permeation Properties  
 
Pyrolysis was performed on Matrimid at 800 °C under vacuum environment.  
The gas permeability and ideal selectivity of O2, N2, CO2 and CH4 through CMSMs 
derived from Matrimid are summarized in Table 7.3.  The pyrolysis was found to 
have great effects on the separation capability of carbon membranes.  The gas 
permeability of Matrimid-derived carbon membranes pyrolyzed at 800 °C increased 
dramatically after carbonization as compared to the polymer precursor.  It is 
undoubtedly that pyrolysis effectively produced the separation membranes with high 
industrial value, especially for Matrimid which having the low permeability for its 
polymeric membrane.  Simultaneously, the selectivity of O2/N2, CO2/CH4 improved 
after pyrolysis.  This implies that CMSMs possessed molecular sieve properties by 
exhibiting extremely high permeability and selectivity if compared to the permeability 
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and selectivity achieved by the Knudsen diffusion.  Accordingly, pyrolysis resulted in 
amorphous carbon materials containing of micropores.  Therefore, main mechanism 
involved in the gas transport through CMSMs is molecular sieving, which the 
membranes can effectively discriminate gas molecules with similar molecular sizes.  
Comparison among the ideal selectivity of O2/N2, CO2/N2 and CO2/CH4 pairs, the 
degree of increment was higher for CO2/CH4, probably due to greater different in 
molecular sizes of CO2 and CH4.  In this case, effective separation can be achieved as 
CO2 with a smaller kinetic diameter able to access the small pores mouth and diffuse 
through CMSMs while retaining the bigger CH4 molecules.  The results suggested 
that the separation of CO2/CH4 becomes more pronounced for Matrimid-derived 
CMSM pyrolyzed at 800 °C under vacuum environment.   
 
 
Table 7.3 Gas Separation Properties of Matrimid Precursor and Carbon 
Membranes 
Permeability (Barrer) Ideal Selectivity 
Membrane 
CO2 O2  N2   CH4 O2/N2 CO2/CH4  CO2/ N2 
Matrimid 
Precursor 6.5 1.68 0.25 0.19 6.6 34 26 
CM-Mat-800 611 227 30.3 10.0 7.5 61 20 
CM-Mat-1xl-800 609 179 27.6 8.2 6.5 78 23 
CM-Mat-3xl-800 459 149 22.9 8.0 6.5 57 20 





On the other hand, Figure 7.4 depicts the behaviors of pure gas permeability of 
Matrimid-derived CMSMs with the kinetic diameter of gas molecules.  The 
permeabilities of CMSMs were in the order of CO2 (3.3 Å) > O2 (3.46 Å) > N2 (3.64 
Å) > CH4 (3.8 Å), where the permeability decreased in the order of increasing gas 





























3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9



















7.2.1.3 Effects of Cross-linking Degree on the Gas Permeation Properties of 
CMSMs Derived from Matrimid Precursor 
 
Figure 7.4 shows the permeation properties of carbon membranes based on 
cross-linked Matrimid with different immersion time.  It is obvious that the 
permeability of CMSMs decreased with increasing the cross-linking density.  Besides, 
Figure 7.5 describes the effect of immersion time on the ideal gas selectivity of 
resultant CMSMs and reveals that the maximum ideal selectivity was attained by 
CMSM pyrolyzed from the 1-day cross-linked Matrimid, but ideal selectivity was 
then deteriorated at a higher degree of cross-linking.  This maximum separation 
efficiency of CM-Mat-1xl-800 was presumably relevant to the swelling effect of 
methanol on polymer precursor during the cross-linking modification, as reported in 
our previous study about chemical cross-linking on Matrimid in Chapter 5.  One point 
needs noting here is that the swelling of Matrimid films in the p-xylenediamine 
methanol solution was pre-requisite for the formation of cross-linking.  According to 
our previous study, it cannot be denied that the swelling of polymer chains by 
methanol played a predominant role at a low degree of cross-linking (1-day 
immersion time).   This lends weight to the conclusion that reduction in free volume, 
chains mobility and the interstitial space among chains during cross-linking 
modification on polymer precursors is an ineffective technology in producing high 
separation performance CMSMs.  While it may be true to some extent, the swelling of 
polymer chains by methanol may be an effectual modification method to produce the 































Figure 7.5 Effect of immersion time on the ideal gas selectivity of Matrimid-derived 
CMSMs. 
 
7.2.1.4 Pure Gas Permeation Properties of CMSMs Based on the Methanol 
Pretreated Polyimides 
 
As mentioned previously, with inspiration from the swelling effect during the 
cross-linking modification, a novel modification/pretreatment on polymer precursors 
was performed by immersing the polymer films simply in methanol for 1-day.  The 
dried methanol-treated polyimide film was then carbonized at 800 °C under vacuum 





Table 7.4 Gas Separation Properties of CMSMs Derived from Methanol-treated 
Matrimid 
Permeability (Barrer) Ideal Selectivity 
Membrane 
CO2 O2  N2  CH4 O2/N2 CO2/CH4  CO2/ N2 
CM-Mat-800 611 227 30.3 10.0 7.5 61 20 
CM-Mat-1xl-800 609 179 27.6 8.2 6.4 78 23 
CM-Mat-MeOH-800 423 138 15.8 4.8 8.8 88 27 
 
 
Table 7.4 lists the gas permeability and ideal selectivity of CMSMs derived 
from Matrimid precursors.  As compared to the ideal selectivity of original carbon 
membranes, ideal selectivity remarkably improved for CMSMs derived from the 
methanol-treated precursors, which best observed for the gas pair of CO2 and CH4 
because of the large difference in their molecular sizes.  The permeability, however, 
decreased after the methanol modification.  For Matrimid-derived CMSMs, the 
highest ideal selectivity was achieved for CM-Mat-MeOH-800 as compared to the 
original carbon membranes and the carbon membrane derived from 1-day cross-
linked precursor.  This is an indication that the swelling of polymer precursors before 
pyrolysis has the significant effects on separation properties of the resultant CMSMs.  
According to our investigation on the occurrence of the swelling of Matrimid 
precursor by methanol, it was found that the permeability of gases increased 
tremendously, from a minimum of 50 % to a maximum of 106 % for films immersed 
in pure methanol for 1 day.   It may well be the case that the swelling of polymer by 
methanol induced chains mobility, as well as increased the interstitial space among 
chains.  As a consequence, polymer degradation might occur more readily with 
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structural organization during carbonization after swelling as compared to untreated 
and cross-linked precursors.  Figure 7.1 demonstrates that the 1-day methanol-treated 
Matrimid encountered greater mass depletion than the original and 1-day cross-linked 
Matrimid, and there was an additional N-H functional group detected by FTIR (Figure 
7.2(c)) for the 1-day methanol-treated Matrimid during thermal degradation.  This 
clearly indicates that the high mobility of polymer chains resulted from the methanol 
pretreatment gave rise to the ease of structural organization and created smaller 
selective micropores, which yielded the highest ideal selectivity of CMSM with the 
lowest flux.  The micropores volume and pores size distribution determined by the 
analysis of CO2 absorption isotherm pointed out that the micropores volume of CM-
Mat-800 (0.07141 cc/g) was smaller than that of CM-Mat-MeOH-800 (0.07917 cc/g).   
Moreover, carbon membrane prepared from the 1-day methanol-treated precursors 
exhibited higher density than original carbon membranes, as shown in Table 7.2.  
Therefore, it is possible to argue that the structure of carbon membranes obtained 
from the methanol-treated precursors was denser and more orderly packed.  In order 
to have a clearer picture on the effect of polymer swelling on resultant CMSMs, 
investigation has been carried out to further study the effect of other nonsolvent 
pretreatment on resultant CMSMs. 
 
Finally, as Matrimid-derived CMSMs exhibited the excellent separation 
properties for CO2/CH4, the CO2/CH4 trade-off line for polymer precursor and 
pyrolyzed membranes are shown in Figure 7.6.  It is clear that both permeability and 
ideal selectivity of membranes are well-above the upper-bound curve after 
carbonization, especially for those pyrolyzed at an optimum condition such as 
























Figure 7.6 Separation properties of CO2/CH4 for Matrimid-derived CMSMs and 



































7.3 PRETREATMENT II: NONSOLVENT PRETREATMENT 
 
An extensive study has been conducted to investigate the effects of nonsolvent 
(methanol, ethanol, 1-propanol, and 1-butanol) pretreatment on polyimide precursors 
before carbonization on the membrane structure and separation performance of 
CMSMs.  We have reported above a novel approach in pretreating the polymeric 
precursors using the nonsolvent of methanol before pyrolysis.  It appears that the 
swelling by methanol emerged as an effective modification method in producing 
CMSMs with excellent separation capability. Therefore, it is worthwhile to expand 
our previous scopes and examine more closely the influence of other nonsolvent 
pretreatments such as ethanol, propanol and butanol on the separation performance of 
resultant carbon membranes.  Here again, we investigate (1) whether these 
nonsolvents are capable of inducing structural modification in the polymer precursors, 
(2) whether the nonsolvent pretreatment induces uniform pores, and (3) whether more 
selective carbon membranes can be produced with tailored pore size and narrow pore 
size distribution after modification.   
 
7.3.1 Results and Discussion 
7.3.2.1 Thermal Behavior of Nonsolvent Treated Matrimid and P84 Precursors 
 
 The nonsolvent pretreatment on polyimides may induce a structural 
modification that influences the morphology of resultant CMSMs.  Accordingly, an 
investigation of the thermal behavior of nonsolvent-treated polyimides has been 
carried out.  Table 7.5 compares the glass transition temperatures (Tg) of untreated 
and nonsolvent-treated polyimides obtained from DSC experiments.  It is clear that 
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the Tgs of polyimides varied with the nonsolvent treatment, which reduced the Tgs of 
both Matrimid and P84.  The lowest Tgs were measured for ethanol-treated Matrimid 
and P84.  The reduction in Tg was attributed to the plasticization of polymer 
precursors by the low molecular weight nonsolvent swelling agents.  These 
nonsolvent molecules weakened and replaced the polymer-polymer interactions with 
polymer-solvent interactions (Chidambaram et al., 2003).  The Tg data support the 
view that nonsolvent pretreatment allows chains swelling and rearrangement that can 
modify the pores structure of final CMSMs.  
 








Matrimid Precursor 323.1 
 
P84 Precursor 315.0 
1-day methanol-treated Matrimid 313.9 
 1-day methanol-treated 
P84 304.3 
1-day ethanol-treated Matrimid 312.0 
 
1-day ethanol-treated P84 302.5 
1-day propanol-treated Matrimid 314.0 
 
1-day propanol-treated P84 307.2 





7.3.2.2 Characterization of Carbon Membranes 
 
Thermal stability and polymers degradation during the pyrolysis process were 
investigated using TGA under N2 inert atmosphere.  Figure 7.7 presents 
thermogravimetric data for untreated and nonsolvent-treated Matrimid membranes.  
Untreated Matrimid exhibited the highest thermal resistance and the highest residual 
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weight percent after heating to 900°C.  In the thermograms of methanol- and ethanol-
treated membranes, a distinct weight loss can be observed before the main 
decomposition (at around 500-550 °C), which most likely resulted from the desorbed 
water and nonsolvents below 150°C.  However, an additional evolution route was 
detected below 300 °C for 1-propanol- and 1-butanol-treated Matrimid membranes.  
This extra thermal transition at ca. 300 °C was further verified by DSC thermograms, 
as indicated with arrows in Figure 7.8.  As tabulated in Table 7.6, the molecular sizes 
and boiling points of 1-propanol and 1-butanol are higher than methanol and ethanol.  
Presumably, the reduction of weight below 300 °C might be due to the decomposition 






















Figure 7.7 Thermal degradation of untreated and nonsolvent-treated Matrimid films 
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(a) Original Matrimid 
(b) 1-day Methanol Treated Matrimid 
(c) 1-day Ethanol Treated Matrimid 
(d) 1-day Propanol Treated Matrimid 


























Figure 7.8 DSC thermograms of nonsolvent-treated Matrimid membranes. 
 
 
Figure 7.9 illustrates the TGA results of P84 membranes.  Similar to the case 
of the Matrimid membranes, the final weight loss of nonsolvent-treated P84 
membranes was greater than the untreated P84. The weight reduction below 150 °C 
was also caused by the evaporation of water and residual nonsolvents.  Nevertheless, 
it can be seen that the degradation of all P84 films displayed a similar trend over a 
temperature range of 50-550 °C.  The similarity indicates that the nonsolvents may be 
less effective for structural alteration of the P84 precursor than the Matrimid precursor. 
This phenomenon is not surprising as the P84 precursor is more tightly packed, with 
substantially higher density and lower fractional free volume than the Matrimd 
polyimide.  The difference in solubility parameter between the polyimides and 
nonsolvents (∆δsp) is also greater for P84 than matrimid (Table 7.7).  As generally 
discussed, the interaction between polymer and nonsolvent becomes more effective 
when their respective solubility parameters are similar to each other (Matsuura, 1994).  







































































































































































































































































































Figure 7.9 Thermal degradation of untreated and nonsolvent-treated P84 membranes 
analyzed by TGA. 
 













Matrimid 15.86  Methanol 14.5  1.36 
   Ethanol 12.7  3.16 
   1-Propanol 11.9  3.96 
   1-Butanol 11.4  4.46 
P84 18.03  Methanol 14.5  3.53 
   Ethanol 12.7  5.33 
   1-Propanol 11.9  6.13 
   1-Butanol 11.4  6.63 
** Solubility parameter of solvent is obtained from polymer handbook (Grulke, 1989) 
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(a) Original P84 
(b) 1-day Methanol Treated P84 
(c) 1-day Ethanol Treated P84 










WAXD spectra for CMSMs derived from nonsolvent-treated Matrimid and 
P84 precursors are illustrated in Figures 7.10 and 7.11, respectively.  There was a 
slight decrease in d-spacing (3.68Å to 3.61Å for Matrimid and 3.51Å to 3.48Å for 
P84) for CMSMs derived from nonsolvent-treated polyimides.  There was no 
significant difference observed for the WAXD spectra of nonsolvent-treated 





Figure 7.10 Wide-angle X-ray diffraction for CMSMs derived from untreated and 
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Figure 7.11 Wide-angle X-ray diffraction for CMSMs derived from untreated and 
nonsolvent-treated P84 pyrolyzed at 800 °C. 
 
Table 7.8 displays the PALS results for selected carbon membranes.  
Typically PALS analysis of polymeric and organic-inorganic hybrid membranes made 
from polyimides (Okamoto et al., 1993; Marand et al., 2001) relies on the formation 
and detection of ortho-positronium (oPs), a long-lived component τ3 >1ns, that gives 
information on the size of free volume cavities or pores.  In the present work no oPs 
component was detected, presumably due to the electronic conductivity of the 
pyrolyzed membranes.  Previous PALS work (Singh et al., 1994) on aromatic 
polyimide films has shown that even when there is no oPs formation for polyimides 
such as Kapton and BFDA- and 6FDA- based polyimides, the long lifetime 
component τ2 corresponds to positrons trapped in free volume cavities or pores.  This 
lifetime, τ2, is shorter for smaller pores and this lifetime can be used to indicate the 
mean size of the pores (Singh et al., 1994). 
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Table 7.8 Positron Annihilation Lifetime Spectroscopy Parameters for Selected 
CMSMs 
Sample τ1 (ps) ± 6 I1 (%) ± 3 τ2 (ps) ± 6 I2 (%) ± 3 
CM-P84-800 220 30 378 70 
CM-MAT-800 220 32 381 68 
CM-MAT-PpOH-800 197 32 368 68 
CM-MAT-MeOH-800 205 19 359 81 
















Figure 7.12 PALS timing histograms for untreated Matrimid and ethanol-pretreated 


















Table 7.8 shows that the PALS parameters are similar for untreated Matrimid 
and P84 CMSMs.  Nonsolvent pretreatment reduced the positron lifetimes τ1 and τ2.  
The PALS raw data are shown in Figure 7.12 comparing untreated Matrimid with 
ethanol pretreated Matrimid CMSMs.  The ethanol pretreatment was the most 
effective at reducing τ2 and hence the mean pore size.  The propanol pretreatment was 
the least effective at reducing the pore size as indicated by τ2, and this PALS result is 
supported by the gas transport properties presented in the next section. 
 
7.3.2.3 Effects of Nonsolvent Pretreatment on the Pure Gas Permeation 
Properties of Resultant Carbon Membranes 
 
Polymeric membranes were subjected to nonsolvent pretreatments by 
methanol, ethanol, 1-propanol and 1-butanol before undergoing the pyrolysis process, 
and the nonsolvent effects on the permeation properties of resultant carbon 
membranes have been examined.  In particular it has been investigated whether 
carbon membranes with superior separation performance can be produced through 
nonsolvent pretreatment of the polymeric precursors.  Tables 7.9 and 7.10 list the gas 
permeation properties of CMSMs derived from nonsolvent treated Matrimid and P84 
precursors, respectively.  Tables 7.9 and 7.10 clearly show that nonsolvent 
pretreatment reduced flux but enhanced ideal selectivity of CMSMs. Therefore, an 
investigation of pretreatment time on Matrimid was conducted by using methanol and 
ethanol to determine the optimal time for the nonsolvent pretreatment. The data from 
Table 7.11 suggested that the ideal selectivity of carbon membranes increased with 
the pretreatment time. Hence, the 1-day immersion time was selected for this study. 
The increase in ideal selectivity was most notable for the gas pair of CO2 and CH4 
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because of the large difference in their molecular sizes.  The WAXD spectra did not 
distinguish an effect of the choice of nonsolvent on chain spacing.  However, the 
PALS data did distinguish the effectiveness of nonsolvent on the positron lifetime τ2 
and hence the mean pore size.  The PALS data indicate that ethanol pretreatment 
resulted in the smallest pore size, followed by methanol pretreatment then by 
propanol pretreatment.    
 
Table 7.9 Gas Permeation Properties of Carbon Membranes Derived from 
Nonsolvent-treated Matrimid 
Permeability (Barrer) Ideal Selectivity 
Membrane 





CM-Mat-800 227 30.3 611 10.0 7.5 61 20 
CM-Mat-MeOH-800 138 15.8 423 4.8 8.8 88 27 
CM-Mat-EtOH-800 75.4 6.3 191 1.1 12 169 30 
CM-Mat-PpOH-800 204 24.1 565 6.7 8.5 84 23 
CM-Mat-BtOH-800 186 21 547 7.0 8.9 78 26 
 
 
Among all the nonsolvents used in this study, the best (maximum ideal 
selectivity) was observed for CMSMs derived from 1-day ethanol pretreatment of 
both Matrimid and P84 precursors.  It seems that propanol and butanol were 
ineffective in enhancing the separation properties of carbon membranes as compared 
to methanol and ethanol.   This may due to the smaller molecular size and larger 
solubility parameter of methanol and ethanol, which have more prominent effect in 
pretreating the carbon membranes.  Specifically, although ethanol possesses bigger 
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molecular size and smaller solubility parameter than methanol, experimental results 
elucidated that it is the most effective nonsolvent in this pretreatment approach.  One 
possible explanation is methanol exhibits stronger solvent-solvent interaction with 
stronger hydrogen bonding than ethanol.  It is relatively tough for methanol in 
swelling and softening the polymer chains during pretreatment. Consequently, the 
most effectual pretreatment was carried out with ethanol.   In general, the 
effectiveness of the pretreatment may depend on factors such as the nonsolvent used, 
molecular size of the nonsolvents, the chemical composition of polymers, the FFV of 
polymers, as well as the polarity and difference of solubility parameters between 




Table 7.10 Gas Permeation Properties of Carbon Membranes Derived from 
Nonsolvent-treated P84 
Permeability (Barrer) Ideal Selectivity 
Membrane 





CM-P84-800 158 17.8 499 5.6 8.9 89 28 
CM-P84-MeOH-800 132 13.6 402 3.7 9.7 109 30 
CM-P84-EtOH-800 101 9.0 278 2.0 11.2 139 31 







Table 7.11 Gas Transport Properties of Carbon Membranes Derived from 
Methanol- and Ethanol-treated Matrimid at Various Immersion Time 
Permeability (Barrer) Ideal Selectivity 
Membrane 







CM-Mat-800 227 30.3 611 10.0 7.5 61 20 
CM-Mat-2hr-MeOH-800 205 26.6 563 7.6 7.7 74 21 
CM-Mat-6hr-MeOH-800 196 22.8 501 6.4 8.6 78 22 
CM-Mat-1day-MeOH-
800 138 15.8 423 4.8 8.8 88 27 
CM-Mat-2hr-EtOH-800 176 18.7 480 4.7 9.4 102 26 
CM-Mat-6hr-EtOH-800 145 14.8 384 3.5 9.8 110 26 
CM-Mat-1day-EtOH-800 75.4 6.3 191 1.1 12 169 30 




As discussed in the introduction above, the pyrolysis of polymeric precursors 
produces highly pure carbon membranes with relatively low contaminants.  The 
structure of CMSMs is usually controlled by the chemical composition of carbon 
precursor, thermal history and its post-/pre- pyrolysis treatment.  The void spaces or 
pores formed during pyrolysis determine the microporosity and selectivity of a carbon 
membrane, where the porosity in CMSMs arises as a natural consequence of 
structural declinations (Foley, 1995). It has been confirmed here by DSC analysis, 
nonsolvent pretreatment weakened the polymeric intermolecular interaction and 
depressed the Tg.  In addition, TGA experiment also confirmed that the polymer 
degradation for nonsolvent-treated precursors occurred more readily (greater mass 
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depletion) during carbonization as compared to the untreated precursors.  As a result, 
it is reasonable to speculate that increased molecular mobility allows the carbon 
chains extra freedom to become more ordered and closely packed during pyrolysis. 
By contrast, the lower molecular mobility of untreated rigid polyimide chains resulted 
in the formation of larger pore sizes/pores size distribution. The PALS and WAXD 
data clearly show the decrease in positron lifetime τ2 (and hence the mean pore size) 
and d-spacing, respectively, due to nonsolvent pretreatment.  Conclusively, we have 
shown for the first time that the nonsolvent pretreatment altered the separation 
performance of resultant CMSMs by facilitating reorganization of the carbon chains 
that leads to smaller selective micropores (CMSMs with higher ideal selectivity but 
lower permeability).   
 
7.3.2.4 Selective Transport in Carbon Membranes 
 
Mass transport through CMSMs involves several mechanisms: Knudsen 
diffusion, partial condensation/capillary condensation, selective adsorption and 
molecular sieving/activation diffusion (Rao and Sircar, 1993b), depending on the 
dimension of the pores and surface properties of materials.  Ideally, selective 
adsorption and molecular sieving are the main mechanisms involved in the gas 
separation by carbon membranes.  The gas transport in a carbon membrane can also 
be described by the sorption-diffusion mechanism (Park et al., 2003; Steel, 2000), 
where gas permeability can be presented as a product of the diffusion coefficient, D 
and the sorption coefficient S.  The effect of non-solvent pretreatment on the sorption 
coefficient of the resultant CMSMs can be further investigated by the analysis of 
equilibrium gas sorption isotherms.  Only the methanol and ethanol pretreatments 
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significantly improve the selectivity of the resultant carbon membranes, and as such 
gas sorption tests were focused on CMSMs derived from methanol and ethanol treated 
Matrimid.  The diffusion coefficients were then calculated from the permeation and 
sorption results.   
The gas sorption isotherms of CO2, CH4, O2 and N2 at 35 °C for carbon 
membranes derived from untreated and treated Matrimid are shown in Figure 7.13.  
The equilibrium concentration of sorbed gas decreased in the sequence CO2, CH4, O2 
and N2, which corresponding to the decreasing condensability of these gases.  As CO2 
possessed the highest critical temperature, it exhibited the highest sorption coefficient 
indicating that it is the most soluble gas in these carbon membranes and this 













Figure 7.13 CO2, CH4, O2 and N2 sorption isotherms in CMSMs derived from 










































The D and S results tabulated in Table 7.12 suggest that the nonsolvent 
pretreatment did not alter the sorption coefficients of the resultant CMSMs. The 
sorption coefficients of CMSMs remained almost constant for all CMSMs derived 
from both untreated and nonsolvent treated Matrimid.  Nevertheless, there was a great 
impact of nonsolvent pretreatment on diffusion coefficient.  Diffusion coefficients 
were smaller for nonsolvent-treated CMSMs than that of untreated Matrimid CMSM.  
Figure 7.14 shows the permeability values for Matrimid carbon membranes as a 
function of kinetic diameter of gas molecules.   This result suggested that the gas 
transport through carbon membranes was dominated by activated diffusion or a size-
exclusive mechanism, and the ideal permeability selectivity was principally attributed 
to diffusivity ideal (Kusuki et al., 1997; Park et al., 2003).  As shown in Table 7.13, 
the diffusion selectivity increased, while the sorption selectivity remained constant for 
CMSMs derived from methanol-and ethanol-treated Matrimid.  Similar to the ideal 
permeability selectivity, the CMSMs based on ethanol-treated Matrimid exhibited the 
highest diffusion selectivity.   
 




Sorption Coefficient  
(x 10-2 cm3(STP)/cm3 cmHg)Membrane 
O2 N2 CH4 CO2 O2 N2 CH4 CO2 
CM-Mat-800 284 42.8 8.26 353 0.80 0.71 1.21 1.73 
CM-Mat-MeOH-800 178 23.0 4.08 244 0.78 0.69 1.18 1.73 



















Table 7.13 Sorption and Diffusion Selectivities of CMSMs Derived from 
Matrimid 












CM-Mat-800 6.64 42.7 8.2 1.13 1.43 2.44 
CM-Mat-MeOH-800 7.74 59.8 10.6 1.13 1.46 2.51 




























Finally, as both Matrimid and P84 derived CMSMs exhibited excellent 
separation properties for CO2/CH4, the CO2/CH4 trade-off line for both polymer 
precursors and pyrolyzed membranes are shown in Figures 7.15 and 7.16, respectively.  
It is clear that both permeability and selectivity of membranes are well-above the 
Robeson’s 1991 upper-bound curve after carbonization, especially for those pyrolyzed 
at an optimum condition, that are CMSMs derived from the ethanol-treated polymers.  
Ethanol pretreatment appears to be an extremely attractive and effective method to 














Figure 7.15 Separation properties of CO2/CH4 for Matrimid derived CMSMs and 











































Figure 7.16 Separation properties of CO2/CH4 for P84 derived CMSMs and precursor 




Carbon membranes have been fabricated from the carbonization of Matrimid 
and P84 precursors.  The permeability of CMSMs decreased in the order of increasing 
gas kinetic diameter, CO2 > O2 > N2 > CH4.  This study investigated the influence of 
chemical cross-linking modification and nonsolvent pretreatment in altering the 
separation performance of resultant CMSMs.  A room-temperature cross-linking 
modification was performed on Matrimid® 5218 by immersing the films in a 10-w/v 
% of p-xylenediamine methanol solution for 1-day. CMSMs were then carbonized 
from cross-linked Matrimid at 800 °C under vacuum environment.  The effect of 
















cross-linking modification on the separation properties of resultant carbon membranes 
was investigated.  The permeability of CMSMs derived from cross-linked Matrimid 
decreased with increasing in cross-linking density while the maximum selectivity was 
attained by CMSMs pyrolyzed from 1-day cross-linked Matrimid.  The results 
suggested that the selectivity increased at a low cross-linking density but eventually 
decreased at a high degree of cross-linking.  Detailed examination revealed that the 
swelling of polymer chains during cross-linking modification at a low cross-linking 
density is the possible reason resulted in the increment of selectivity.  Consequently, 
the Matrimid precursors were treated in pure methanol before pyrolysis in order to 
examine the effect of the swelling of polymer chains on resultant CMSMs.  It appears 
that methanol treatment significantly improved the selectivity of resultant carbon 
membranes.   
 
In view of that, the influence of nonsolvent pretreatment was further examined 
and studied by using other nonsolvents.  The membranes were subjected to methanol, 
ethanol, 1-propanol and 1-butanol pretreatment before pyrolysis. Several 
characterization methods were used to study the CMSMs fabricated with different 
nonsolvent pretreatments.   TGA and DSC results revealed that the nonsolvent-treated 
polyimides were less thermally stable and possessed lower Tgs.  The lowest Tg was 
observed for ethanol-treated Matrimid and P84.   WAXD and PALS data suggested a 
tighter chain packing and smaller pore size for the CMSMs fabricated with the 
nonsolvent pretreatment.  The shortest trapped positron lifetime τ2, and hence the 
smallest pores, were measured for the ethanol-treated Matrimid. The selectivity was 
found to increase for CMSMs derived from the nonsolvent treated polyimides.  The 
maximum selectivity was observed for CMSM derived from 1-day ethanol-treated 
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polyimide.  The function of nonsolvent pretreatment is to weaken the intermolecular 
interactions and facilitate the structural reorganization of carbon chains during 
pyrolysis, which leading to the formation of smaller pores.  Therefore, this study 
underlines for the first time the importance of swelling effect on polyimide precursors.  
In summary, swelling by nonsolvent modification method, especially ethanol 
pretreatment emerged as an effectual, in enhancing the separation efficiency of carbon 










Membranes have received global attention and remained as an attractive 
candidate for gas separation and purification.  In the past few decades, glassy 
polymeric membranes have been extensively examined owing to their superior gas 
separation properties.  However, it is seemingly an arduous task for current polymeric 
membranes to breach the tradeoff between productivity and selectivity.  Therefore, 
investigation has primarily focused on the development of robust membrane materials 
with high separation performance and durability.  Among current membrane materials, 
mixed matrix membranes (MMMs) appear to be an alternative material due to their 
potential in surpassing the upper bound limit of polymeric membranes 
(Kulprathipanja et al., 1988; Süer et al., 1994; Mahajan, 2000; Pechar et al., 2002).   
 
Mixed Matrix membranes are the blends of inorganic particles or fillers in 
polymer.  They comprise of molecular sieve entities such as silica, zeolites and carbon 
embedded in a polymer matrix.  The molecular sieving nature of micro/nanaporous 
materials restricts more degree of rotational freedom of gas penetrants (Singh and 
Koros, 1996), subsequently exhibits high selectivity by permitting effective size- and 
shape- discrimination between the gas molecules of similar molecular dimensions.  
Thus, incorporation of microporous fillers uniformly into a polymeric matrix can 
significantly enhance the selectivity of filled membranes.  As a result, MMMs have 
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been recognized as an efficient separation tool, capitalizing on the high processability 
of polymers and the excellent separation efficiency of rigid molecular sieving 
substances (Hacarlioglu et al., 2003; Vu and Koros, 2003a). 
 
Nevertheless, the high expectations of membrane materials such as stability to 
high temperatures, solvents and chemicals are the necessities for new separation 
applications.  Current polymer-fillers MMMs can hardly accomplish the functional 
requirements of new separation tasks, as the application of organic polymer materials 
in rigorous environment has been restricted by their poor thermal and chemical 
resistances.  Consequently, the development of more promising membrane materials 
is a vital mission in membranes separation technology.   
 
Inorganic membranes with excellent thermal and chemical resistances have 
become target of research in identifying new generation membrane materials (Caro, 
2000; Ismail and David, 2001).  In addition, they can be finely adjusted to a specific 
separation task by tailoring the microstructures through special treatments (Erdem-
Senatalar et al., 2003).  These specific advantages of inorganic miroporous 
membranes especially molecular sieve zeolites and carbon make them suitable for 
corrosive, high pressure and temperature operations, which are too harsh for 
polymeric membranes (Hatori et al., 2004; Sznejer et al., 2004).  Particularly, there is 
a gaining research interest in using carbon molecular sieve membranes (CMSMs) for 
gas separation and purification, as they compete favorably with silica- and zeolite-
based membranes (Wang et al., 1996; Ismail and David, 2001, Barsema et al., 2004).  
Despite their stability in aggressive (vapor or solvents, and non-oxidizing acids or 
bases) and adverse (high temperature and pressure operation) environments, carbon 
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membranes can attain the high selectivity without loosing the productivity after 
carbonization (Sedigh et al., 1999; Tanihara et al., 1999; Ismail and David, 2001; 
Kishore et al., 2003; Nguyen et al., 2003; Vu and Koros, 2003a; Barsema et al., 2004).   
 
The deficiencies of organic polymeric materials and comparative advantages 
of carbon membranes have inspired the derivation of more competent membrane 
materials, which is Carbon-zeolite mixed matrix composite membrane.  Zeolites have 
been predominantly investigated as a dispersed phase in mixed matrix membranes.  
They are inorganic crystalline microporous materials with well-defined and uniform 
molecular sized pores.  Zeolites possess high mechanical, thermal and chemical 
stability, which commonly used as the molecular sieving separation media. Carbon-
zeolite composite membranes have recently arrested the researchers’ attention.  Zhang 
X.F. and coworkers (Zhang et al., 2004b) reported a simple method for the growth of 
zeolite NaA membrane on porous carbon tubes.  According to their study, two steps 
were involved in the preparation of tubular composite carbon-zeolite membranes: (1) 
Coating of a thin layer of zeolite seeds onto the inner surface of tubes using seeding 
technique with a seed ethanol solution, and (2) regrowth of continuous films by 
hydrothermal treatment.  Zhang X.F. and coworkers have substantiated the potential 
application of their carbon-zeolite membranes in catalysis and separation processes.  
On the other hand, Zhang L.X. and coworkers (Zhang et al., 2004a) have also 
developed a method for the preparation of carbon/silicalite-1 composite membranes, 
where furfuryl alcohol was polymerized on the surface of silicalite-1 membrane 
followed by the carbonization of polymer layer in an inert atmosphere at a 
temperature of 773k.  The composite membranes prepared in Zhang’s work exhibited 
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higher selectivity as compared to pure silicalite-1 membrane.  The pores size 
composite membranes was then adjusted through oxidation of the carbon layer.   
 
In this report, we present a brand-new approach in fabricating the carbon-
zeolite composite membrane derived from the pyrolysis of polymer-zeolite MMMs.  
The investigation was performed to examine the use of zeolites as the disperse phase 
in the continuous matrix phase of polyimide carbon membranes.  In order to form an 
effective carbon-zeolite composite membrane for separation, the key criterions are (1) 
preparation of a homogeneous mixed matrix precursor with good polymer-zeolite 
contact/adhesion and (2) the uniformly dispersing the zeolite fillers in polymer matrix.  
Several techniques, especially silane coupling agents and integral chains linker were 
commonly employed to eliminate the poor interphases and enhance the interaction 
between polymer and fillers (Duval et al., 1994; Vankelecom et al., 1996; Mahajan, 
2000; Pechar et al., 2002).  However, our research group has successfully prepared 
the polymer-zeolite MMMs with good morphology and high separation performance 
by careful controlling of membrane fabrication process without any modification (Li 
et al., 2005).  Therefore, no pretreatment is required, but the pyrolysis can be directly 
performed on polymer-zeolite MMMs to produce carbon-zeolite composite 
membranes.  It is anticipated that the resultant heterogeneous or hybrid membranes 
may provide enhanced separation properties by combining the advantages of high 
separation capability, desire chemical and thermal stability contributed from both 
carbon membranes and zeolites.  The foreseeable development of carbon-zeolite 
composite membranes will certainly conquer the immediate challenges faced by 
membranes separation technology and improve the competitiveness of inorganic 
membranes. 
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8.2 RESULTS AND DISCUSSION 
8.2.1 Characterization of Polymer-Zeolite Mixed Matrix Membranes (MMMs) 
 
Polymer-zeolite mixed matrix membranes (MMMs) were prepared as the 
precursors to produce carbon-zeolite composite membranes according to the method 
and procedures described in the chapter 4.  MMMs were prepared through the 
incorporation of zeolite into Matrimid polyimide matrix. Various zeolites, which are 
Zeolite beta, 4A, silicalite-1 and KY were used as the disperse phase in Matrimid 
polyimide matrix.  Figure 8.1 shows the scanning electron micrographs (SEM) images 
of the cross-section of these MMMs cast at controlled conditions with relevant heat-
treatment.  Inspection of Figure 8.1 reveals that the zeolite particles distributed 
homogeneously and discretely in the membrane matrix, without undesirable gap, 
namely “sieve-in-cage” morphology between the polymeric matrix and the zeolite 
fillers.  This indicates that the good adhesion and interaction between the polymer and 
zeolite.  The membrane formation at high temperature and the heat 
treatment/annealing above Tg enhanced polymer chains flexibility and hence the 
adhesion between the polymer and zeolite surface.   In general, the annealing at above 
Tg of polymer decreases the defects of membranes, while at the same time, (1) leads 
to the partial pore blockage of zeolite by the polymer chains (Vu and Koros, 2003a), 
or/and (2) rigidifies the polymer around the zeolite. The phenomenon of rigidified 
polymeric chains may be confirmed by the increment of Tg, where the Tg of Matrimid 
increased from 323 oC for pure dense film to 330oC for Matrimid-Silicalite-1-MMM 
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Another important factor that may also contribute to the improved 
morphology in both cases is the vacuum degas. Since zeolite is a strong absorbent for 
gases, the vacuum degas can effectively remove the gas trapped in the zeolite pores 
and polymers especially when casting membrane with a high polymer concentration. 
The more thorough removal of gases results in less defects in the resultant MMMs.  
Therefore, it appears that the annealing above Tg and vacuum degas are beneficial in 
producing defect-free MMMs from a glassy polymeric matrix. 
 
8.2.2 Characterization of Carbon-Zeolite Composite Membranes  
 
Carbon zeolite composite membranes were then prepared through the 
carbonization of polymer-zeolite MMMs at 800 °C.  Figure 8.2 compares the wide-
angle X-ray diffraction (WAXD) patterns of MMMs and resultant carbon-zeolite 
composite membranes. It confirms that carbon-zeolite composite membranes 
demonstrated the original structure of zeolite, where all the zeolite sieves did not 
experience any chemical reaction or degradation when pyrolyzing at high temperature 
of 800 °C.  SEM was also performed to characterize the morphology of resultant 
composite membranes, revealing a homogeneous distribution and good carbon-sieve 









































































































































































































































































































































8.2.3 Pure Gas Permeation Properties of Carbon-Zeolite Composite 
Membranes 
 
Table 8.1 summarizes the gas transport properties of Matrimdi precursor and 
polymer-zeolite mixed matrix membranes. As compared to pure Matrimid dense 
membrane, higher separation performance was observed for Matrimid-4A-MMM and 
Matrimid-Silicalite-1-MMM.  Both of the permeability and ideal selectivity of these 
two MMMs increased significantly with relative to the pure Matrimid film.  The 
results confirmed the importance of molecular sieves in improving the separation 
capability of polymeric membranes.  However, for Matrimid-Beta-MMM and 
Matrimid-KY-MMM, these membranes possessed higher permeability but lower ideal 
selectivity than pure Matrimid membranes.  This indicates that MMMs only provide 
enhanced separation performance in the case of the correct selection of polymer-
zeolite pair.  
 
Table 8.1 Gas Separation Properties of Matrimid Precursor and Matrimid-






Matrimid Precursor 6.5 0.19 34 
Matrimid-Beta-MMM 13 0.47 27.4 
Matrimid-4A-MMM 7.8 0.23 34.5 
Matrimid-Silicalite-1-MMM 16.6 0.44 38.0 




 The separation productivity and efficiency can be further improved by 
carbonization/pyrolysis process, as shown in Chapters 6 and 7.  The carbon-zeolite 
composite membranes were formed after the pyrolysis of polymer-zeolite MMMs.  
The gas permeability and ideal selectivity of CO2 and CH4 through MMMs-derived 
carbon-zeolite composite membranes are listed in Table 8.2.  The comparison of 
separation performance between the MMMs and their resultant carbon-zeolite 
composite membranes reveals that the ideal selectivity and permeability of carbon-
zeolite composite membranes increased tremendously after carbonization.  It is 
undoubtedly that pyrolysis effectively produced the separation membranes with high 
industrial value for gas separation.  Accordingly, pyrolysis resulted in the amorphous 
carbon materials containing of micropores.  The main mechanism involved for the gas 
transport through carbon matrix is molecular sieving, in which the membranes can 
effectively discriminate gas molecules with similar molecular sizes and exhibit high 
selectivity.   
 
 






CM-Mat-800 611 10 61 
Carbon-Beta-CM 809 15 54 
Carbon-4A-CM 748 13.3 56 
Carbon-Silicalite-1-CM 560 9.6 58 




 Moreover, most of the carbon-zeolite composite membranes exhibited higher 
separation performance than that of carbon membrane derived from pure matrimid 
dense film, except for carbon-silicalite-1 composite membranes.  The enhanced 
permeability was observed for Carbon-Beta-CM and Carbon-4A-CM as compared to 
the pure Matrimid-derived carbon membrane.  Surprisingly, the CO2/CH4 ideal 
selectivity improved remarkably from 61 to 124 for Carbon-KY-CM, while the 
permeability decreased after carbonization with relative to CM-Matrimid-800.  In 
particular, among all the carbon-zeolite composite membranes, Carbon-KY-CM 
displayed extremely promising separation performance with the best separation 
efficiency (ideal selectivity of 124) and desirably high permeability.  Similar to the 
MMMs, the excellent separation capability of carbon-zeolite composite membranes 
can only be obtained for membranes with the correct selection of polymer-zeolite pair. 
 
Nevertheless, the noticeably decline of CO2 and CH4 permeability for Carbon-KY-
CM suggested that the resultant membrane contained no non-selective, microporous 
cavities surrounding the zeolite domains, which have been verified by SEM images.  
It seems that the drop of permeability for Carbon-KY-CM after pyrolysis relative to 
CM-Matrimid-800 might be due to mass transfer resistances occurring at carbon-
zeolite interfaces.  The increase of the Tg of MMMs with zeolite loading confirms the 
polymer chain rigidization induced by zeolite.  This may result in a denser structure of 
the carbon matrix near the zeolite particles after pyrolysis and hence generate higher 
mass transfer resistance.  Moreover, the strong interaction between K+ ions and gas 
molecules reduces the probability of gas penetrant’s diffusive jump, which may be the 
reason for the permeability reduction.  The selectivity, however, increases 
dramatically after incorporating zeolite KY in the carbon matrix.  This indicates that 
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molecular sieving by size discrimination is not the only transport mechanism involved 
for composite membranes, as the pore size of zeolite KY (~7.4 Å) is about twice the 
kinetic diameter of CO2 (3.3 Å) and CH4 (3.8 Å).  Therefore, it is believed that, 
surface diffusion, selective adsorption, polarity and the affinity of gas species to the 
zeolite internal surface are also determining parameters for gas transport properties.   
The polarity of the carbon membrane was most likely increased after incorporating 
the zeolite KY because zeolite can ion-exchange with cations.  The more polar and 
strongly adsorbed component, CO2, is preferentially adsorbed into the micropores of 
zeolite than are the non-adsorbable CH4 molecules, and a higher selectivity of 
CO2/CH4 is therefore achieved. Although the effect of adsorptivity and differences in 
polarity of competitive species may be true to some extent, further investigations are 
required to understand the separation mechanism of carbon-zeolite composite 
membranes. 
 
Finally, since the carbon-KY-composite membranes demonstrated the most 
superior separation performance, the CO2/CH4 permeation properties of 
Matrimid/KY-derived MMM and composite membranes were plotted on the 
Robeson’s 1991 upper-bound curve, as shown in Figure 8.4.  It is clear that the 
carbon-KY composite membrane is well-above the upper-bound curve.  The results 
underline the importance of carbon-zeolite composite membranes preparation in this 
investigation, where the separation of CO2/CH4 becomes pronounced in the case of 
selection of correct carbon/zeolite pair.   
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Figure 8.4 Separation properties of CO2/CH4 for Matrimid-KY-derived membranes 




8.3  CONCLUSION 
  
A brand-new material for gas separation, carbon-zeolite composite membrane was 
fabricated through the carbonization of zeolite-filled mixed matrix membranes.  The 
composite membrane comprised inorganic zeolite entities incorporated in carbon 
membrane matrix, and yielded a very attractive separation membrane, capitalizing on 
their superior separation properties of high separation performance and stability.  The 
results obtained by this study indicated that the carbon-KY composite membranes 
provided impressive separation efficiency with reasonable high permeability for 
CO2/CH4 separation.  This study demonstrated for the first time that the pyrolysis of 
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zeolite-filled MMMs played an essential role in producing robust membranes for the 
application in harsh environment.  Therefore, it is believed that the technique developed 
here could be readily extended to other composite membranes prepared from the proper 











In recent years, current available membrane materials have reached Robeson’s 
upper bound trade-off limit.  Therefore, development of membrane materials with 
superior separation properties for gas separation is research-intensive, aimed to 
produce high performance membranes that can accomplish/conquer the separation 
challenges.  Accordingly, an investigation of membrane materials and fabrications 
based on commercially available polyimides for gas separation (O2/N2 and CO2/CH4) 
was carried out in this research study.  It consisted of four aspects:  
1. Chemical cross-linking modification of polymeric membranes for gas 
separation. 
2. Fabrication and characterization of carbon molecular sieve membranes derived 
from polyimide precursors. 
3. Optimization/enhancement of the separation performance of carbon molecular 
sieve membranes through the pretreatment of precursors before pyrolysis. 
4. Development of carbon-zeolite composite membranes from pyrolysis of 
polymer-zeolite mixed matrix membranes. 
 
The above three explored membranes in this study, namely cross-linked 
polymeric membranes, pretreated carbon membranes and carbon-zeolite composite 
membranes exhibited the excellent gas separation capability.  The following 
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conclusions were derived and summarized as a result of physical characterization and 
gas permeation measurement of these materials. 
   
9.1.1 Chemical Cross-linking Modification of Polyimide Membranes for Gas 
Separation 
 
An extremely simple room-temperature chemical cross-linking modification 
was performed on Matrimid® 5218 by immersing the films in a cross-linking reagent 
(10-w/v % of p-xylenediamine methanol solution) for a certain period of time. The gel 
content and FTIR measurement confirmed the slow occurrence of cross-linking 
modification, where the imide functional groups of Matrimid were attacked by the 
amino groups of p-xylenediamine and converted to the amide functional groups 
during modification process.  The gas permeability of cross-linked polymeric 
membranes increased and achieved the maximum values at 1-day immersion time, but 
subsequently decreased with longer immersion time.  The swelling of polymer chains 
by methanol was the cause for the increase in permeability.  The degree of cross-
linking increased with increase in immersion time but resulted in the reduction of free 
volume, chains mobility and interstitial space between polymer chains.  Consequently, 
the permeability of cross-linked membranes decreased at high degree of cross-linking.   
 
On the other hand, the ideal selectivity of O2/N2, CO2/CH4 and CO2/N2 
remained almost constant and decreased slightly with the cross-linking reaction, 
whereas the He/N2 selectivity increased with immersion time.  It was found that the 
Matrimid membrane underwent the plasticization phenomenon at 15 atm.  However, 
the plasticization was effectively suppressed by the proposed cross-linking 
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modification. Lastly, the mixed gas permeability for both CO2 and CH4 was lower 
than their pure gas permeability at the respective partial pressure.  The mixed gas 
selectivity appeared to be lower for untreated membranes but higher for cross-linked 
membranes, as compared to the ideal selectivity of CO2/CH4.    
 
9.1.2 Separation of CO2/CH4 through Carbon Molecular Sieve Membranes 
(CMSMs) Derived from Polyimides 
 
The separation of CO2/CH4 separation is industrially important especially for 
natural gas processing. In the past few decades, polymeric membranes separation 
technology has been widely adopted for CO2/CH4 separation.  However, polymeric 
membranes were suffering from the plasticization problem by condensable CO2 
molecules.  Thus, carbon molecular sieve membranes (CMSMs) with excellent 
separation performance and stability appeared to be a promising candidate for 
CO2/CH4 separation.  P84 was chosen as a precursor in preparing carbon membranes 
for this study, as it displayed a very high selectivity among other polyimides.  The 
carbon membranes derived from pyrolysis of P84 precursor showed the excellent 
separation performance of CO2/CH4.   
 
Specifically, the porous nature of CMSMs has led to high permeability, while 
their molecular sieving morphology resulted in high selectivity by permitting 
effective size- and shape- separation between the gas molecules of similar molecular 
dimensions.  The pyrolysis temperature significantly affects the permeation properties 
of carbon membranes, where the higher temperature produced CMSMs with higher 
selectivity, and vise versa.  A comparison of permeation properties among the carbon 
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membranes derived from 4 types of commercially available polyimides, which were 
P84, Matrimid® 5218, Kapton® and Ultem (polyetherimide) showed the P84 carbon 
membranes exhibited the highest ideal separation efficiency of 89 for CO2/CH4 
separation.  Importantly, the pure gas measurement underestimated the separation 
efficiency of carbon membranes, where the higher selectivity of 97 was obtained 
through binary gas permeation.  This may due to the restricted diffusion of non-
adsorbable gas by adsorbable component in binary mixture.   
 
9.1.3 Novel Approaches to Fabricate Carbon Molecular Sieve Membranes 
Based on Chemical Modified and Nonsolvent-Treated Polyimides 
 
 Two novel pretreatment technologies were developed for pyrolyzing the 
carbon molecular sieve membranes (CMSMs) with excellent separation efficiency.  
The modifications/pretreatments were performed on polymeric precursors.  The space 
filling effect by these modifications considerably altered the separation performance 
of resultant carbon membranes.  Firstly, a chemical cross-linking modification was 
performed on polymeric precursors at room temperature before pyrolysis.  The 
permeation properties of carbon membranes derived from cross-linked Matrimid were 
characterized as a function of cross-linking density. The experimental results 
demonstrated that the permeability of modified CMSMs decreased with increasing in 
cross-linking density.  Detailed examination revealed that the cross-linking 
modification increased the selectivity at a low cross-linking but eventually reduced 
the selectivity at a higher degree of cross-linking.  The improvement of separation 
efficiency at low degree of cross-linking was presumably related to the swelling of 
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polymer chains by methanol during cross-linking modification. Consequently, the 
second extremely simple pretreatment method by using nonsolvent was developed.   
 
 An extensive study was conducted to investigate the effects of nonsolvent 
(methanol, ethanol, 1-propanol, and 1-butanol) pretreatment on polyimide precursors 
before carbonization on membrane structure and separation performance of carbon 
molecular sieve membranes (CMSMs). It was found that the CMSMs derived from 
nonsolvent-treated precursors exhibited superior transport properties.  The measured 
gas separation properties showed the carbon membranes derived from the nonsolvent-
pretreated precursors possessed a lower flux but higher selectivity, suggesting a 
narrower pores size distribution.  XRD data and PALS results confirmed the 
formation of smaller pores in the CMSMs pretreated with nonsolvent.  The best 
separation efficiency was obtained by carbon membranes pyrolyzed from ethanol-
treated polymers. The CO2/CH4 selectivity of Matrimd- and P84-derived carbon 
membranes increased significantly from 61 to 169 and 89 to 139, respectively, after 
ethanol pretreatment as compared to their untreated carbon membranes.  The function 
of nonsolvent pretreatment is to weaken the intermolecular interactions and facilitate 
the structural reorganization of carbon chains during pyrolysis, that leading to the 
formation of smaller pores.  This examination demonstrated for the first time that 
nonsolvent pretreatment of polyimide precursors played an essential role in the 






9.1.4 Carbon-Zeolite Composite Membranes for Gas Separation 
 
 A brand-new membrane material, namely carbon-zeolite composite 
membranes with superior separation performance was developed for gas separation. 
These composite membranes, which comprising of zeolite entities incorporated in 
carbon membrane matrix, were fabricated through the carbonization of zeolite-filled 
polymeric mixed matrix membranes. As a consequence, the resultant heterogeneous 
or hybrid membranes showed the promising separation properties by combining the 
advantageous of high separation capability, desire chemical and thermal stability 
contributed from both carbon membranes and zeolite.  Carbon-zeolite KY composite 
membranes exhibited extremely high CO2/CH4 ideal selectivity of 124 with 
reasonable high CO2 permeability (266 barrers).  Preliminary results obtained by this 
study indicated that the composite membranes possessed impressive separation 
efficiency for CO2/CH4 separation in the case of the correct selection of zeolite-
carbon/polymer pair. 
 
9.2 RECOMMENDATIONS FOR FUTURE WORK 
 
 
Based on the experimental results obtained, discussions presented and 
conclusions drawn from this research study, the following recommendations given 
may provide further insight for future investigations related to the development of 






9.2.1 Chemical Cross-linking Modification of Polyimide Membranes  
 
1. Since the rate of cross-linking reaction was slow at room temperature, future study 
may focus on accelerating the cross-linking process to ensure the practicability of 
cross-linking modification.  The investigation can be further conducted by 
increasing the concentration of cross-linking reagent, performing the cross-linking 
modification at elevated temperatures or thermal-treating the cross-linked 
membranes to induce high degree of cross-linking. 
 
2. The chemical cross-linking method described in this work was surface 
modification that took place on the membranes surface only.  Advanced 
modification approaches are required to promote complete cross-linking on entire 
membranes, and hence to enhance separation properties of resultant membranes. 
 
3. The present cross-linking study of the nonporous dense membranes can be 
extended to the hollow fibers and dual layer hollow fibers membranes for 
potential applications in real practice.  This is because hollow fibers are the most 
used membrane geometry due to their high surface area per unit volume of 
membrane module.  Moreover, hollow fibers are porous asymmetric membranes, 
which require shorter time and easier for the cross-linking modification to take 
place as compared to nonporous dense membranes.  Therefore, the proposed 





9.2.2 Fabrication of Carbon Molecular Sieve Membranes 
 
1. Preparation of carbon molecular sieve membranes through carbonization/pyrolysis 
of polymeric precursors is a complicated process.  The reaction mechanism of 
pyrolysis is still uncertain and indistinct.  A comprehensive understanding of 
pyrolysis mechanism is valuable to the researchers, where the optimization of 
pyrolysis conditions (temperature, pressure, soak time, heating rate, etc) can be 
performed to improve the separation ability of CMSMs.  Besides, the knowledge 
about polymers degradation reaction, carbon yields and microporous structure 
formed by using different polymer precursors are important for materials selection 
and tailoring of separation membranes.  
 
2. The gas transport mechanism through carbon membranes is complex and required 
intensive examination, where it is extremely vital in the fabrication and 
engineering design of high performance CMSMs for a specific application.   
 
3. The influences of operating temperature and pressure on the gas separation 
performance of modified CMSMs should be studied.  Many studies showed that 
the transport properties of CMSMs significantly changed with the variation of 
temperature and pressure.  Further to that, the activation energy and activation 
entropy of diffusion can then be determined through temperature variation. The 
energetic and entropic selectivity will definitely give a better understanding of 
diffusion process through the carbon materials. 
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4. Determination of the micropores dimension of carbon membranes is also a critical 
issue in carbon membranes separation. Many characterization methods, especially 
the molecular probe method have been performed to characterize the pores size of 
carbon materials, (Hayashi et al., 1997a; Suda and Haraya, 1997a; Kusakabe et al., 
1998; Fuertes et al., 1999; Sedigh et al., 1999).  We have also conducted the 
PALS measurement on CMSMs in this study.  Nonetheless, the current available 
methods are unable to provide the actual dimension of pores in CMSMs, but only 
the suppositions can be obtained through these characterization techniques.  This 
is due to the amorphous, rigid nature and conductivity of carbon materials that 
causes difficulty in conducting pores evaluation. Therefore, effective pores 
determination method, which can precisely characterize the critical pores size the 
carbon materials must be developed.  
 
5. Aging study need to be conducted for CMSMs to ensure the stability of CMSMs 
at aggressive and harsh environments.  Though the carbon materials are 
recognized with their rigidity, there is still a possibility that the separation 
performance and microstructure of carbon materials will change and reduce under 
severe conditions of operation.   
 
6. Since the flat sheet carbon membranes are very brittle, and more suitable for 
laboratory or research applications, the fabrication techniques of carbon 
membranes described in this study should be extended to carbon membranes 
supported on tube and carbon hollow fibers.  These two configurations are 
preferable than a flat-sheet membrane, because they have a larger membrane area 
per unit module volume, which more practical and suitable for industry 
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application.   Preparation of CMSMs supported on porous substrate is the solution 
to overcome the brittleness of carbon materials.  In general, the carbon hollow 
fibers need to have a controlled asymmetric structure, which consisting of a dense, 
selective surface layer with a molecular sieving ability and a porous supporting 
layer in order to attain both high selectivity and permeance. 
 
7. The separation of propylene/propane gas mixture was investigated mainly by 
polymeric membranes.  However, the polymeric membranes, with low thermal 
and chemical stabilities usually exhibited relatively low selectivity for 
propylene/propane separation.  As a result, carbon membranes with excellent 
separation properties have been recognized as a promising candidate in separating 
propylene/propane.  Since the carbon membranes derived from nonsolvent-treated 
polyimides in this study demonstrated superior separation performance for natural 
gas separation, they may be also an effective separation tools for 
propylene/propane separation. 
 
9.2.3 Fabrication of Carbon-Zeolite Composite Membranes 
 
1. The preliminary study showed that the carbon-zeolite composite membranes 
possessed the excellent separation capability for natural gas separation.  The 
separations of O2/N2, alkene/alkane, as well as other binary gas mixture are 
important for industrial application, which can also be investigated by using 
carbon-zeolite composite membranes.  
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2. The study can be further extended to fabricate composite membranes with the 
selection of other polyimide and zeolite combination pairs. 
 
3. The gas transport mechanism through carbon-zeolite composite membranes is 
uncertain and much complex than that in carbon membranes.  It is believed that 
the gas permeation is determined by the polarity, selective adsorption of gas 
molecules onto zeolite, microstructure of membranes and shape-selective 
properties of zeolite.  Hence, further investigations are required to fully 
understand the gas transport mechanisms through the microporous composite 
membranes.  This will be advantageous in the engineering design of membranes 
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DERIVATIONS OF THE AVERAGE DIFFUSION COEFFICIENT AND THE 
EFFECTIVE DIFFUSION COEFFICIENT BASED ON THE DEFINITION OF 
PERMEABILITY (Wang et al., 2002b). 
 
The permeability (Pi) of a membrane for a given gas is defined as the flux (Ji) 
normalized for the pressure difference across the membrane and membrane thickness 








p l p p l
= =∆ −                  (A.1) 
 
where pi2 and pi1 are the pressures at the upstream and downstream of the membrane, 
respectively.  The gas transposrt through the membrane obeys Fick’s law as 
 ( ) ii i i
CJ D C
x
∂= − ∂                   (A.2) 
 
where ( )i iD C is a local concentration-dependent diffusion coefficient of a penetrant at 
any arbitrary point between the membrane and iC
x
∂
∂  is the local concentration 
gradient at the same point in the membrane.  By combining equations (A.1) and (A.2) 
and integrating over the membrane thickness with a negligible downstream pressure, 
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where iavgD is defined as 
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the downstream pressure is negligible. 
 
The differentiation of equation (A.3) with respect to the concentration at any arbitraty 
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CALCULATIONS OF THE VOLUMES OF DOWNSTREAM 
COMPARTMENTS IN A GAS PERMEATION CELL 
 
The three volumes of the downstream compartments of the gas permeation cell, 
shown in Figure 4.3 (Chapter Three: Experimental and Experimental Procedures) 
can be measured using a ‘known volume vessel’ method as follows. 
1. The volumes of vessels 2 and 3, V2 and V3, respectively are measured by repeated 
liquid-filling. 
2. The volume of vessel 1, V1 is used to test the gas permeability for helium with a 




⎛ ⎞⎜ ⎟⎝ ⎠  is 
obtained at 3.5 atm, 35°C. 
3. Under the same prevailing experimental conditions, the test is repeated using 




⎛ ⎞⎜ ⎟⎝ ⎠ is obtained. 
4. Under the same prevailing experimental conditions, the test is repeated using 




⎛ ⎞⎜ ⎟⎝ ⎠ is obtained. 
5. V1 and the volume of the valve (x) can be solved simultaneously from these 
relations: 
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CALCULATIONS OF THE FRACTIONAL OF FREE VOLUME (FFV) 
 





⎛ ⎞−= ⎜ ⎟⎝ ⎠
                  (C.1) 
 
where sV and oV  are the specific volume and the occupied volume, respectively.  
Specifically, the observed specific volume, sV is calculated from the measured density 
and the occupied volume, oV is calculated from the correlation: 
 1.3o wV V=                    (C.2) 
 
where wV is the Van der Waals volumes, which is estimated using Bondi’s group 
contribution method (Bondi, 1964).  For the polymers, wV  can be estimated from 
group contribution method (n = number of groups) proposed by Park and Paul (Park 
and Paul, 1997): 
 ( )w w n
n













C.1 CALCULATION OF THE FFV OF MATRIMID® 5218 POLYIMIDE 
 
Table C.1 Calculation of Van der Waal Volume of Matrimid® 5218 by Group 
Contribution 
Group & Polymer WM (g/mol) wV  (cm
3/mol) 
 
























                   





































∑ 551.54WM =  
 































































































Table C.2a Calculation of Van der Waal Volume of Copolymer A by Group 
Contribution 












































Table C.2b Calculation of Van der Waal Volume of Copolymer B by Group 
Contribution 






























∑ 484.43WM =  ∑ 247.37wV =  
 
 
a) The Van der Waal Volume of P84 
 




w w wV V Vφ φ= +





































































CALCULATIONS OF SOLUBILITY PARAMETER (δsp) (Matsuura, 1994) 
 
The solubility parameter is a parameter to express the nature and magnitude of the 
interaction force working between molecules. When applied to the membrane, the 
solubility parameter can give a measure to the interaction force working between the 
molecules that constitute the membrane material, and also the interaction force 
between the latter molecule and the penetrant molecule.  They are intrinsic to the 
chemical structure. Solubility parameter can be calculated by applying addition rules 
to the structural components of the repeat unit of molecule, by following equation 








δ Σ= Σ                    (D.1) 
 
Where cohE  is structural component for the overall solubility parameter (cal/mol) and 
im






























                              Copolymer A         Copolymer B 
 
 
D.1.1 Copolymer A 
 
























































D.1.2 Copolymer B 
 






































































D.2 CALCULATION OF THE SOLUBILITY PARAMETER OF 
MATRIMID® 5218 POLYIMIDE 
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